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Introduction
The life cycles of animals are often punctuated by alternating periods of high and low
energy demand. Periods of particularly high energy demand include the breeding sea-
son, migration and moult (King 1972). Lack (1968) predicted that animals tune these
periods when feeding conditions are favourable in order to maximize fitness. In birds,
this hypothesis has been tested in particular with respect to the timing of egg-laying
(e.g. Cresswell and McCleery 2003; Cooke et al. 1995). Yet the timing of egg-laying
and the amount of energy invested in the clutch represent only two of the many impor-
tant decisions individuals make during the annual cycle. For example the timing of
migration to the breeding grounds is crucially important for many species (Alerstam
and Lindström 1990). Since these decisions are ruled by energetic considerations (Drent
and Daan 1980), it is essential to study an animal’s feeding ecology in order to fully
understand the reasons and fitness consequences of temporal decisions. Energetic stu-
dies have usually focused on one period of the annual cycle (e.g. the time of breeding)
or have been conducted in one study area (Wijnandts 1984, Masman et al. 1988). For
logistic reasons our knowledge of long-distance migrants is limited. Nevertheless there
is a growing interest in these birds because of an increasing awareness that the perfor-
mance of organisms during one stage of the annual cycle may have a profound effect on
the ecosystem in which they occur at other times of the year (Jefferies et al. 1994,
Jefferies 2000).
Geese provide the ideal study animal in which the timing of the annual cycle can be
studied. Many populations are long-distance migrants and they are often relatively easy
to study throughout their annual cycles, using direct observations or with help of advan-
ced technology. Geese encounter several periods of high energy demand within the
annual cycle. Among these are a) the pre-migration period in spring when stores are
deposited to cover the costs of migration and of the early breeding period, and b) brood
rearing, when adults recover from the nutritional stress of incubation, simultaneously
performing the wing moult, and when the goslings need to grow rapidly. The energy that
animals generate for these ‘additional’ functions is derived from the ‘productive ener-
gy’(Blaxter 1989), which is the increment of the metabolized energy above the amount
needed to maintain body mass. It is well recognized that selection acts on individuals
(Sutherland 1996), and to understand processes observed in populations one has to con-
sider the fitness consequences of decisions made by the individual. An important issue
in life history theory, therefore, concerns why individuals differ in obtaining sufficient
food resources, and what the consequences of foraging success are for reproductive suc-
cess and survival (Lomnicki 1988).
This study was concerned with two main problems in life history. First, which fac-
tors affect the timing of reproduction in arctic-breeding geese, and to which extent is the
timing constrained by the performance during earlier phases of the annual cycle?
Secondly, why are some individuals more successful in acquiring resources than others?
11The factors covered in this thesis that impinge on productive energy and on fitness are
outlined in Fig. 1. To attack these problems, studies were undertaken on three long-dis-
tance migrant goose populations (Fig. 2), the barnacle goose Branta leucopsis
(Chapters 2, 3, 4, 11, 12, 13), the dark-bellied brent goose Branta bernicla bernicla
(Chapters 5, 6, 7, 8) and the red-breasted goose Branta ruficollis (Chapters 9, 10).
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Fig. 1. Productive energy varies through the season depending on food quality, food abundance, and
daylight available for foraging (left). Seasonal patterns in productive energy vary therefore with geo-
graphical latitude (right). Superimposed on the seasonal patterns are effects of habitat and of indivi-
dual foraging abilities. The seasonal pattern in productive energy is expected to have an impact on
the relationship between fitness and the timing of reproduction.
More specifically, the following topics were addressed.
1) There is large variation in the proximate nutritional composition of plants, both wit-
hin and between species, hence herbivores face the problem of how to select the best
food items. How well do geese digest their food and to what extent does digestibility
vary with plant composition? What effect does throughput rate have on food digestion
and can we predict at what rate geese should process food through the alimentary
tract? Digestion trials with geese were performed to learn what fractions of the plant
food could be used as ‘natural markers’, that is, chemical substances that are not dige-
sted and that can be used to calculate digestibilities from the chemical composition of
food and droppings of geese. Furthermore we asked if digestibilities can be predicted
from the proximate composition of the food alone, without the need to collect drop-
pings. (Chapter 2 and 3) 
2) What is the seasonal variation in energy and nitrogen budget, and what are the con-
sequences of energy and nitrogen intake on productive energy? What are the reper-
cussions of choosing to forage on either agricultural habitat or semi-natural habitats
on the deposition of body stores during spring staging? (Chapter 4, 5, 6)3) To understand the proximate mechanism of variation in goose performance, produc-
tive energy was related to variation in food quality and food abundance. Throughout
the annual cycle, geese visit a large variety of habitats and the habitats investigated
ranged from simple (homogeneous pastures) to relatively complicated systems (tundra
with a multitude of spatial and altitudinal gradients). (Chapter 4, 5, 6)
4) Living in flocks and being selective for high quality food items makes geese suscep-
tible to depletion of food. How fast is this depletion and what does depletion mean to
individuals foraging in a flock? How does flock position affect food choice and food
intake rate, and can food choice for individuals at different positions in the flock be
explained by optimal foraging theory? (Chapter 7, 8, 9, 10)
5) Why are some individuals more successful in foraging than others and is this diffe-
rence related to a social hierarchy as usually suggested? Exploring the large within-
individual variation requires to disentangle effects of intrinsic dominance and of
instantaneous aggressiveness. (Chapter 6, 7, 8, 10, 14)
6) What are the fitness consequences of the timing of events in the annual cycle and is
the timing of spring migration a trade-off between early arrival on the breeding
grounds and the benefits of staying longer on the staging grounds to obtain more body
stores? (Chapter 11,12, 13, 14)
Introduction
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Fig. 2. Migration routes (schematised) between breeding and wintering range for the three study
populations. Locations of study sites are indicated by circles. The study sites of the Russian popu-
lation of barnacle geese coincided with those of the dark-bellied brent goose. 14Chapter 2
Digestion by barnacle geese in the annual cycle:
the interplay between retention time and food quality
Jouke Prop and Theo Vulink
Abstract
Structural carbohydrates in plants are hard to digest by the animals that eat them, and they ham-
per digestion of the content of the plant cells. The efficiency of digestion by herbivores is, there-
fore, closely related to both the retention time of the food in the digestive tract and the propor-
tion of cell walls in the food. This study examined food digestion by free-living barnacle geese
Branta leucopsis in relation to food quality and retention time.
At the range of short winter days (8 h light) to continuous light in the Arctic breeding area, the
geese increased the food retention time 2-4-fold. Low throughput rates in summer resulted in
enhanced digestion of the food. The organic matter digestibility of graminoids, corrected for dif-
ferences in protein content, was 37% in winter, and 56% in summer. Enhanced digestion allowed
the geese to extend their food spectrum by exploiting mosses (bryophytes), which are, at least
temporarily, the only plants available in the summer range. The disadvantage of prolonged food
retention time is the concurrent decrease of the amount of food that can be processed per time
unit. The digestion pattern in the successive periods of the year can be regarded as an adaptation
to differences in energy needs, and to differences in the selective force acting on the geese to mini-
mize feeding time.
Published in Functional Ecology 6: 180-189 (1992)
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The amount of energy that herbivores derive from their food is a resultant of the con-
tent of potentially digestible components and the digestion rate of the food, in the time
frame that the food remains in the gastrointestinal tract (the retention time) (Demment
and Van Soest 1985). Cell walls in the plant food hamper digestion because they are lar-
gely composed of ß-1,4 polysaccharides, like cellulose and hemicellulose. These com-
ponents can only be degraded by microbial fermentation (Hungate 1966) in the sto-
mach, ileum, colon or the caeca (McBee 1977). Since this is a time consuming process,
herbivores with long retention times digest their food best (Demment and Van Soest
1985). To compensate for limited digestive capabilities, animals that retain food for a
short period have to select high quality food (i.e. plants containing a high proportion of
easily metabolizable components as protein and soluble carbohydrates) (Karasov 1990).
Geese are herbivores possessing well-developed caeca with a prolific microbe life
(Mattocks 1971). However, high rates of food passage through the alimentary tract pre-
clude microbial degradation of cell walls. Typically, geese feed on high quality food
(Owen 1980a), foraging almost uninterruptedly to meet their daily energy requirements
- especially in winter when days are short (Ebbinge, Canters and Drent 1975, Summers
and Grieve 1982). In summer, barnacle geese Branta leucopsis appear to retain their
food for substantially longer periods than in winter (Ebbinge and Ebbinge-Dallmeijer
1976, Prop et al. 1980). In this paper, we explore the effect of the longer retention times
on the digestibility of the goose foods. We will show that barnacle geese increase the re-
tention time of the food in the alimentary tract as the daylight period lengthens, there-
by enhancing digestion of cell walls. The implications of the adjustable retention times
on the spectrum of food types that the geese exploit are examined.
Methods
The seasonal periods
Data on food digestion by barnacle geese were collected in the following periods (see
also Fig. 1):
• During autumn (October) and winter (January and February) on Schiermonnnikoog,
The Netherlands (53º30'N 6º15'E), when geese of the Russian population graze on
dairy farmland.
• During the early spring staging period (April), also on Schiermonnikoog, after they
have shifted to feed on the salt marshes (Prins and Ydenberg 1985).
• During the late spring staging period (May), on Laanan, in Helgeland, Norway
(65º50'N 11º50'E), where the Spitsbergen population resides on its way from Scotland
to the breeding grounds (Owen and Gullestad 1984).
• During the pre-breeding period (end of May), on the breeding grounds on the high-
arctic archipelago of Spitsbergen (77º50'N 13º45'E).
• During the incubation period on Spitsbergen (June through mid-July);
Chapter 2
16• During the moulting period on Spitsbergen (July and August), which extends from the
hatching of the goslings to completion of moult of the primaries.
• During the pre-migratory period (end of August through half of September), when the
geese are still on Spitsbergen.
Collection of food and droppings
To assess the diet of the geese, samples of at least 20 fresh droppings were collected
regularly. The dry mass of the samples was determined, and all droppings were exa-
mined by microscope, and grouped by food type.
On the feeding grounds, samples of food plants were picked by hand. Droppings and
food samples were dried at 50ºC, and ground to pass a 1 mm sieve. To obtain sufficient
material for subsequent chemical analyses samples of the same food species in one year
were generally pooled per seasonal period.
Retention time
(a) Seasonal averages based on digesta flow rate. The retention time of the food in the
alimentary tract can be calculated as the gut volume divided by the digesta flow rate
(Owen 1975, Sibly 1981). For each seasonal period we approximated the retention time
(T) by the geese as
Digestion efficiency in the annual cycle
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Fig. 1. Observation sites along the migration routes of the Russian and Spitsbergen population of
barnacle geese (wintering in The Netherlands and UK, respectively).
T = LDT
(LD/I)where LDT= length of the digestive tract (cm), LD= length of a dropping (cm), I= drop-
ping interval (min). Intervals between consecutive droppings of individual geese were
timed, both during foraging spells, and during non-active bouts (loafing periods, see
below). The length of droppings was measured to the nearest 0.2 cm. We compiled data
on the length of the digestive tract (from gizzard through colon) from various unpublis-
hed (student) reports. Data were available for autumn (x=175 cm, n=10), winter (x=171,
n=5), and early spring (x=180, n=5). The averages did not differ significantly
(F2,17=0.63, P>0.05), and all values were pooled to obtain one estimate for all seasonal
periods (x=175 cm). In birds, the length of the intestines may increase during periods of
hyperphagia (Karasov 1990). Whether this occurs in Barnacle Geese is unknown. In
other goose species, the extension of the intestines during the spring fattening period is
18% (lesser snow geese Anser caerulescens; Ankney 1977b), or 4% (brent geese Branta
bernicla; Ankney 1984). Such changes are small compared to variation in dropping
intervals (see Results, Table 3), and would not affect any of the trends reported.
(b) For individual droppings, based on the time elapsed since the ingestion of the food.
The short, distinct feeding bouts of geese foraging on mosses during the incubation
period (Prop, Van Eerden and Drent 1984) allowed us to determine the retention time
for individual droppings. Ringed geese were followed throughout the day, both at the
nest site and during feeding recesses. Whenever possible, droppings produced were reco-
vered. For each dropping, the period that the ingesta had remained in the digestive tract
was calculated as the interval between ejection and the preceding feeding bout. To avoid
coupling a dropping with the wrong bout, only droppings produced after the first two
feeding spells were used. The individual droppings - all containing the remains of mos-
ses - were grouped in different retention time classes for subsequent chemical analysis.
Time budgets
Time budgets of the geese were registered in all periods of the year as outlined in Prop
et al. (1980). Separately, the duration of feeding interruptions when geese were sitting
for a while (loafing periods) were recorded.
Chemical analyses and calculations
The chemical analyses of food and droppings comprised cell wall components (neutral
detergent fibre NDF, acid detergent fibre ADF and lignin; Goering and Van Soest 1970),
total nitrogen (Kjeldahl), (crude) fat (ether extract), and ash (Fig. 2). The potential dige-
stibility of the cell walls was determined by an in vitro procedure (Van Soest, Wine and
Moore 1966), whereby samples were incubated with rumen fluid from a hay-fed cow
for 6 hours. This period was chosen on the basis of trials with different incubation times
(Table 1), and appeared most appropriate to simulate the intensity of degradation of cell
walls by geese in vivo.
Droppings contain matter of faecal origin and the urinary (waste) products. To dis-
tinguish between both, the content of urinary compounds in the droppings was deter-
mined following Terpstra and De Hart (1974). The organic matter of faecal origin in the
Chapter 2
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


droppings was calculated as the reciprocal value of the urinary compounds. Hemicellu-
lose was derived from the difference between NDF and ADF, and the cell content from
the reciprocal value of NDF (Van Soest 1982, p.82). Crude protein (hereafter simply
called protein) in the food was calculated as 6.25 x total nitrogen, and in the faeces as
6.25 x (total nitrogen - urinary nitrogen). Soluble carbohydrates were estimated as the
remaining fraction in the cell content after subtraction of protein and fat. All contents
are expressed on basis of organic matter (ash-free dry wt).
The digestibility of component C (Dc) was calculated as
where CFc= concentration of component C in the food (%), CDc= concentration of C in
the droppings (%), R = the ratio of the concentration of an internal marker in the food
and droppings. The components that were examined include organic matter, protein,
cell content, soluble carbohydrates, fat, hemicellulose and ADF. In waterfowl studies
various constituents of the cell walls have been used as internal markers to estimate the
digestibility of the food. In winter, ADF or crude fibre are reliable markers (Drent,
Ebbinge and Weijand 1980, Summers and Grieve 1982). But, whenever digestion of cel-
lulose is suspected, lignin is a better marker since it is most resistant to degradation (Van
Soest 1982, Buchsbaum,Wilson and Valiela 1986). Recovery of lignin in the faeces may
be incomplete due to, for instance, failure to recover finely divided lignin in the faeces
(Van Soest 1982). This appeared to be a minor problem in barnacle geese, as in 2 dige-
stion trials (Van Marken Lichtenbelt 1981) during which 12% of the ADF was digested,
nearly all of the lignin (97%) was recovered in the faeces. On this basis, lignin was cho-
sen as an internal marker.
Digestion efficiency in the annual cycle
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Fig. 2. Diagram showing the stepwise division of food and droppings (dry matter). Components that
were actually chemically determined are indicated in capitals. Others were calculated from comple-
mentary constituents.
DC = CFC -(CDC ×R)
CFC
×10
2,The metabolizable energy of component C (MEc, kJ g
-1) was calculated as
MEc = (Dc ×CFc ×Jc)×10
-4,
where Jc= energetic value of component C. The physiological energy contents of pro-
tein (17.8 kJ g
-1), carbohydrates (17.6 kJ g
-1), and fat (39.3 kJ g
-1) were derived from
Schmidt-Nielsen (1975). The value of cell walls (13.2 kJ g
-1) was based on Hungate
(1966, p.270), which accounts for losses inherent to the fermentation by microbes.
The metabolizable energy of the food (ME) was obtained by summing the MEc values
of protein, soluble carbohydrates, fat and cell walls.
The digestibility of the organic matter (or utilization efficiency) was corrected for
the urinary compounds in the droppings, but other metabolic waste products may also
occur in the faeces, such as intestinal microbes (Parsons et al. 1982), sloughed-off cells
and secretions of the alimentary tract (Van Soest 1982, p.40). This leads to a negligible
underestimate of the true digestibility (Karasov 1990).
Statistical methods
Differences in the organic matter digestibility were evaluated by analysis of covariance
using protein or fibre as covariate. One-way analysis of variance was used to determine
differences in dropping length, dropping interval, and digestibility of plant components.
When the distribution of a variable deviated from normality or when group variances
were heterogeneous, statistical analysis was preceded by a transformation of the data as
indicated in the text (following Snedecor and Cochran 1967).
Results
Seasonal variation in the chemical composition of the food plants
The chemical composition of the food of barnacle geese differed widely throughout the
year (Table 2). This was partly caused by seasonal variation in the composition of the
Chapter 2
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Table 1. In vitro digestion of cell walls (% of NDF) in two grass types incubated in rumen fluid for
different periods. The digestibility of NDF by barnacle geese was determined in digestion trials (Van
Marken Lichtenbelt 1981).
incubation period (h) Poa/Lolium Festuca
22 2
47 7
63 2 1 9
84 9 2 8
10 49 39
12 57 46
20 64 63
digested by geese 18 13Digestion efficiency in the annual cycle
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main food category (the graminoids) but most variation was brought about by the diver-
sity in the type of food ingested. Besides graminoids, mosses (bryophytes) played an
important role in the food of barnacle geese during the summer; on arrival on the bree-
ding grounds mosses were virtually the only food available. During the incubation
period the shrub Salix polaris, horsetail Equisetum variegatum and a variety of forbs
were often selected. During the moult the forbs continued to be prevalent in the diet.
During the pre-migratory period at the end of the summer Equisetum variegatum was
important again.
Graminoids were characterized by high protein levels, intermediate levels of cell
content, and were low in lignin. The proportion of protein was somewhat lower in gra-
minoids taken on the breeding grounds (mainly Dupontia fisheri, Carex subspathacea
and Festuca rubra ) than in the winter grasses. But the grasses that were eaten by the
geese near well-fertilized sea-bird cliffs (in September) were high in protein. Mosses
were generally low in protein content (around 6% in xerophilous species as Dre-
panocladus spp., but in the hydrophilic Calliergon spp. sometimes amounting to 20%).
In addition, the proportion of cell walls in mosses was high, partly due to a high lignin
content. Forbs had only moderate protein levels, a high lignin content, and a high cell
content. The buds were the only parts of Salix that were ingested by geese, and these
were both high in protein and in cell content. Equisetum was intermediate in protein,
high in cell content, and low in lignin.
Retention time and the digestion of plant constituents
The size of the droppings did not differ between seasonal periods (Table 3), and the
overall average (x=5.5 cm) was used in the calculation of the seasonal retention time.
Table 3. Seasonal photoperiod, daily feeding time, loafing period, dropping interval, and inferred
retention time (periods in order of increasing daylength).
period daylight feeding loafing length of dropping interval
3) retention
(h) time
1) period dropping
2) (cm) (min) time
(h) (min) (h)
x ± SD n x ± SD n
winter (Jan-Feb) 9 7.4 - 5.4 ±0.7 80 3.5 ±1.2 38 a 1.9
autumn (Oct) 11 8.7 3 5.5 ±1.0 148 4.0 ±1.2 90 a 2.1
spring (April) 12 9.0 - - 4.4 ±1.3 82 a,b 2.3
spring (May) 19 12.9 14 5.6 ±0.8 98 4.9 ±1.2 160 b,c 2.6
pre-migration (Aug-Sep) 20 11.5 18 - 5.8 ±2.1 71 c 3.1
moult (July-Aug) 24 10.0 45 - 8.2 ±3.2 278 d 4.2
incubation (June-July) 24 1.4 - 5.2 ±0.8 62 15.0 ±14.2 101 e 7.9
1) Based on Ebbinge, Canters and Drent (1975), Prop et al. (1980), Prop, Van Eerden and Drent
(1984), Black, Deerenberg and Owen (1991), unpublished data. 2) no differences between periods,
Scheffé range-test. 3) groups with dissimilar letter differ significantly (P<0.05), Scheffé range-test,
after log-transformation.
The dropping intervals, and therewith the inferred food retention time, varied widely
between the periods of the year (Table 3).
The digestion of the cell content differed between periods (Table 4, grass diets on-
ly), ranging from 57% in winter to 75% during incubation and moult. The digestion of
the cell wall components appeared even more variable, both for hemicellulose (ranging
from 20 to 47%) and ADF (ranging from 0 to 26%). In particular, the digestion of ADF
is of interest since it is known to be a poorly degradable component in plants (Van Soest
1982, p.80). The digestibility of ADF appeared to be closely correlated with the reten-
tion time (Fig. 3).
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Table 4. Digestibility (%) of plant components, and the ME (kJ g
-1) in different periods of the year.
Graminoids only. Data refer to average and S.D. (periods in order of increasing daylength).
period organic cell hemi- ADF ME n
matter content cellulose
winter (Jan-Feb) 38.4 ±3.4 57.2 ±4.2 20.4 ±5.9 0.3 ±3.2 6.7 ±0.6 4
spring (April) 45.2 ±3.0 65.8 ±3.2 30.8 ±4.5 -0.9 ±10.0 7.7 ±0.4 6
spring (May) 40.7 ±1.8 63.7 ±5.4 26.3 ±6.2 3.7 ±2.1 7.9 ±1.8 3
pre-migration (Aug-Sept) 51.3 ±0.3 66.4 ±3.0 47.3 ±11.3 12.2 ±3.8 8.2 ±0.3 2
moult (July-Aug) 53.1 ±4.7 75.0 ±3.6 39.7 ±8.9 24.4 ±9.1 8.7 ±0.7 6
incubation (June-July) 54.1 ±3.0 74.9 ±2.3 41.9 ±6.6 26.2 ±7.7 8.8 ±0.4 5
F 5,20
1) 15.99 * 16.79 * 7.52 * 12.55 * 4.40 *
1) 1-way ANOVA. * P<0.05
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Fig. 3. Relationship between acid detergent fibre (ADF) digestibility and food retention time (only
graminoids). Data points represent average values per seasonal period (heavy dots and line). For
comparison, results of digestion trials with captive brent geese (open circles, after Prins et al. 1981)
and barnacle geese (small dots, Van Marken Lichtenbelt 1981) are given.Retention time and food quality affecting organic matter digestion
Both the duration of the retention time, and the chemical composition of the food can
affect the organic matter digestibility. To discriminate between these, we compared
digestion efficiency in relation to the protein content of graminoids in seasons with
short (winter-spring) and long (summer) retention times. In both seasons, organic mat-
ter digestibility was positively related to the protein content in the food (Fig. 4A). But,
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Fig. 4. A. Relationship between organic matter digestibility and the protein content of the food. Bar-
nacle geese digest graminoids similar in protein content to a higher degree in summer than in winter-
spring. The alternative summer foods (mosses, Equisetum and Salix) are shown for comparison.
Spring-winter: y=15.04+1.00x, r
2=0.59, n=13, P<0.01; summer: y=37.15+0.82x, r
2=0.41, n=11, P<0.05.
B. Relationship between organic matter digestibility and the fibre content of the food (ADF or crude
fibre). For comparison, data of total-recovery-trials are given: 1= Cape Barren goose Cereopsis
novaehollandiae (Marriott and Forbes 1970), 2= white-fronted goose (Weijand 1976), 3= upland
goose Chloëphaga picta (Summers and Grieve 1982) (*), 4= brent goose (Sedinger et al. 1989)(*),
5= barnacle goose (Van Marken Lichtenbelt 1981). The line regressing these values is y=56.62-
0.75x, r
2=0.74, n=9, P<0.01. Separately indicated are data of Buchsbaum et al. (1986)(*) for brent
and Canada goose, using a natural marker. (*) indicates that the digestibilities had to be corrected for
metabolic wastes in the droppings (see text).Digestion efficiency in the annual cycle
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for a given food composition, the digestibility was higher in summer than in winter-
spring (ANCOVA, F1,21=96.6, P<0.005). The disparity in digestibility might have been
caused by a difference in chemical properties between summer and winter-spring gra-
minoids, other than the protein effect (see Deinum et al. 1981). However, the potential
cell wall digestibility was even higher in graminoids collected in winter-spring than in
those from the summer range (Table 2). On this basis, a low organic matter digestibili-
ty for the summer graminoids would be expected. We conclude, therefore, that the
enhanced digestion in summer is indeed due to the prolonged retention time.
The organic matter digestibility of Equisetum variegatum was similar to that of gra-
minoids (Fig. 4A). The digestibility of Salix polaris buds was much lower. Possibly tan-
nins impaired the digestion of the cell content in this species, as occurs usually in shrub
leaves including several Salix species (Robbins et al. 1987). Mosses that were ingested
in summer also had a lower organic matter digestibility than could be expected on basis
of their protein content, and this was probably caused by the highly lignified cell walls
(see Table 2).
Retention time affecting the amount of food digested
The time that food is retained in the alimentary tract affects the digestibility (see above)
and the amount of food processed (Sibly 1981). The (optimal) retention time that maxi-
mizes the amount of food digested per time unit can be calculated in analogy to Sibly
and Calow (1986).
The digestive capacity (DC, i.e. the amount of food processed per time unit, g h
-1)
can be calculated as follows:
where M= the mass in the digestive tract (g), and T= the retention time (h).
The net rate of digesting food (g h
-1)= DC×D(T),
where D(T)= the proportion of the food digested as a function of the retention time T.
This relationship is given in Fig. 5 for graminoids (based on data in Table 3 and 4, after
correction for the deviation from the average protein content in the food (Fig. 4A and
Table 2)), and for mosses (based on samples of individual droppings, see methods).
Combining the above gives
The net rate of digesting food (g h
-1):
An estimate of the optimal retention time can be derived from Fig. 5 by drawing a
tangent from the origin to the curve. The amount of graminoids digested per time unit
appeared to be largest when the food was retained for short periods (c. 2 h). Mosses
required much longer retention times (c. 4 h) to optimize the digestive process. The
shorter retention times probably occurred when the geese shifted to other, high quality
foods which suddenly had become available from snow-cover.
M× D(T)
T
DC =       , M
TChapter 2
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Digestion compared between geese in the wild and in controlled trials
The digestibility of organic matter was inversely related to the ADF content in the food
(Fig. 4B). For comparison, we also plotted data on digestibility of graminoids and legu-
mes by geese from the literature. Only total collection trials (measuring mass of food
ingested and droppings produced) were included, since these experiments assess the
digestibility of organic matter most directly, and are therefore probably the most accu-
rate. Whenever necessary (as indicated in the legend of Fig. 4B), the reported digestibi-
lities were corrected for metabolic wastes in the droppings by assuming that the drop-
pings contained 8.2% urinary compounds (average value in this study). The digestion
by barnacle geese in winter-spring appeared to be similar to the digestion by geese in
the listed feeding trials (ANCOVA, F1,19=0.02, P=0.89). But during the periods when
barnacle geese retained their food for prolonged periods (the summer, during incubation
and moult), the digestibilities exceeded the values reported in literature (ANCOVA,
F1,19=62.2, P<0.0005).
Discussion
Food quality in winter and summer
Geese are generally classified as foragers that retain food for a short time in their ali-
mentary tract, and hence digest the ingesta only superficially (Owen 1980a, Sibly
1981). It has been argued that this forces the geese to select high quality plants (Owen
1972). This view is in agreement with a model of Demment and Van Soest (1985),
which states that in small animals, like geese, the limited digestive volume dictates rapid
throughput rates of high quality food in order to obtain sufficient energy. 
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Fig. 5. Organic matter digestibility of graminoids and mosses in relation to retention time of the
food in the digestion tract of barnacle geese. The tangent to the curves provides an estimate for the
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The typology of geese as selectors of high quality food is based on winter data,
when the geese benefit from the rich (agricultural) resources typical of the temperate
and subtropical regions (Owen 1980b). But in summer the food is scarce (Prop et al.
1984), and barnacle geese appear to feed on plants of depressed quality in an attempt to
meet daily requirements. Barnacle geese share the utilization of low quality food with
other Arctic-breeding goose species (light-bellied brent goose Branta bernicla hrota
(Madsen, Bregnballe and Mehlum 1989), dark-bellied brent goose Branta bernicla ber-
nicla (unpublished, B. Spaans), Pacific brent goose Branta bernicla nigricans (Derksen,
Eldridge and Weller 1982), cackling Canada goose Branta canadensis minima
(Sedinger and Raveling 1984), Greenland white-fronted goose Anser albifrons flaviro-
stris (Madsen and Fox 1981), Spitsbergen pink-footed goose Anser brachyrhynchus
(unpublished, J.P.)). Indeed, even greylag geese Anser anser in the Netherlands feed in
the summer on poor quality plants (Loonen, Zijlstra and Van Eerden 1991).
Cell wall digestion in geese
Whether geese can benefit from low quality food, depends on their ability to digest plant
cell walls. Mattocks (1971) failed to find cellulolytic bacteria in the intestines of the
domestic goose; therefore he concluded that geese have limited capability for digesting
structural carbohydrates. He was, however, aware of the crude design of his tests and
included a word of caution with his findings. Vulink (1980), with more refined techni-
ques, demonstrated the presence of bacteria in the caeca and colon of domestic and
white-fronted geese which were capable of fermenting hemicellulose and cellulose.
Digestion trials with geese confirmed the activity of cellulolytic bacteria in vivo, as cell
Barnacle goose ingesting mosses.Chapter 2
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walls were partly degraded during the passage through the alimentary tract (Drent et al.
1980, Buchsbaum et al. 1986). This study shows that the digestion of cell walls (ADF)
is correlated with the retention time of the food (Fig. 3). Evidence for the causal link
between both is obtained by comparing the results presented with data on digestion in
captive geese. In studies carried out in spring with brent geese (Prins, Cline-Theil and
Van ’t Klooster 1981) and barnacle geese (Prop et al. 2004) prolonged food retention
times were invoked by artificial lengthening of the day light period. These experiments
revealed a relationship between the digestibility of ADF and the retention time which is
similar to that observed in wild geese (Fig. 3).
We suggest that bacteria, capable of cellulose and hemicellulose fermentation, are
present in the caeca of geese throughout the year, but spread through the intestines by
peristaltic and antiperistaltic movements (Clemens, Stevens and Southworth 1975) only
when passage rates of the food through the digestive tract are low. The long retention
times in the summer months (Table 3) are sufficient, indeed, to allow cellulose fermen-
tation (compare retention times given by Van Soest 1982, p.212).
During winter and spring, the digestion by barnacle geese does not differ from those
of other goose species (Fig. 4B). The ability of barnacle geese to enhance digestion in
other periods of the year is probably not unique to this species. We suppose that other
geese are able to lower the throughput rate of their food as well, to benefit from an
intensified degradation of the food. The high digestibilities found by Buchsbaum et al.
(1986) in two out of four assessments with brent and Canada geese (for comparison
entered in Fig. 4B) point into this direction.
The digestive system throughout the year
Barnacle geese experience considerable variation in daylength throughout the year, ran-
ging from 8 h in the winter to continuous light in the Arctic summer. They are mainly
diurnal, and benefit from longer daylight in two ways: (1) by spending more time fee-
ding, and (2) by investing more time in the digestion of the food (prolonging the reten-
tion time of the ingesta in the alimentary tract, see Table 3). The relationship between
the organic matter digestibility and the retention time (Fig. 5) plays a key-role in under-
standing which factors determine the choice for one or the other of these strategies.
When barnacle geese prolong the retention time they are able to increase the orga-
nic matter digestibility up to 56% (Fig. 5). But prolonged retention times have a cost,
since they are inversely proportional to the amount of food that can be processed per
time unit (the digestive capacity) (Sibly 1981). A decrease in this rate forces the geese
to lower the average food ingestion rate concomitantly. This is achieved by interrupting
feeding with loafing spells, which allows the food to pass through the alimentary tract,
the longer retention times coinciding with longer loafing periods (Table 3). In this way
the daily feeding time is largely affected by the throughput rate of the food.
In energetic terms, the enhanced digestion of graminoids which results from reten-
tion times of longer than 2 h does not outweigh the cost of the decline in the digestive
capacity (Fig. 5). A maximal amount of food is digested at short retention times. We
propose three reasons to explain why long retention times have evolved in geese.Digestion efficiency in the annual cycle
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(a) A simple maximization of the daily metabolized energy is not necessarily the
ultimate goal in summer. Rather, it may be selectively advantageous to minimize the
time spent feeding, since (i) during incubation frequent recesses to feed are penalized
by higher risk to lose the clutch (Prop et al. 1984); (ii) geese need considerable time to
move between feeding stations, especially during the moult (Prop et al. 1984); (iii)
geese are most vulnerable to predation during feeding activities (unpublished, J.P.). In
this respect, prolonged retention times combine the benefits of enhanced digestion, and
of enabling time for other activities than feeding. 
(b) Prolonged food retention times during incubation might enhance water absorp-
tion in the colon (Ziswiler and Farner 1972). This could be advantageous since geese at
the nest site usually have limited access to water.
(c) Prolonged retention times enable geese to utilize low quality plants (such as mos-
ses), since long retention times are required for the digestion of these plants (Fig. 5).
Mosses are taken during spring staging (in May) in small amounts, and on the breeding
grounds they predominate temporarily in the diet (Table 2). Mosses are among the most
common and widespread plants in the Arctic (Bliss 1981), and unlike graminoids they
are available to the geese throughout the summer. This implies that mosses are an essential
source of energy for the geese, which may help them to survive when other food plants
are scarce, or not available at all. Mosses might supply the geese with specific nutrients
as well (Prins 1982). We suggest that the enhanced digestive capability gained by long
retention times coupled with the abundance of mosses in the summer range explain the
preponderance of these plants in the diet of barnacle geese and other goose species. The
contention by Kerbes, Kotanen and Jefferies (1990) that in Arctic environments grazing
by geese themselves leads to pure stands of mosses is intriguing in this respect.
In sum, the functioning of the digestive system of the geese is not totally predeter-
mined by their body size, as Demment and Van Soest (1985) predict. Geese have a flexi-
ble digestive system, which enables them to adapt the digestion process to their energy
needs and to environmental conditions.
Acknowledgements
Support on Spitsbergen was received from the Sysselmannen på Svalbard and his staff.
We acknowledge the cooperation with Myrfyn Owen, The Wildfowl and Wetlands Trust
England, during this project. We thank the observers who collected the data on goose
activities or helped in sampling the food plants and goose droppings: Rudi Drent,
Mennobart van Eerden, Eduard Koopman, Martin Nugent, Herbert Prins, Tom van
Spanje and Beth Woijtowych. Jeff Black, Charlotte Deerenberg, Rudi Drent, Mennobart
van Eerden, Maarten Loonen, Marjolein Munsterman, Theunis Piersma and Herbert
Prins made comments on the manuscript. Steven de Bie paved the way for us to carry
out the detergent analyses at the Agricultural University at Wageningen. We thank Mr.
W. van Hal, Department of Plant Ecology, University of Groningen, for supervising the
nitrogen analyses. Dick Visser prepared the figures.30Chapter 3
Using food quality and retention time to predict digestion
efficiency in geese
Jouke Prop, Wouter D. Van Marken Lichtenbelt, Jan H. Beekman and Jan F. Faber
Abstract
Investigations of food digestibility are important in nutritional studies of herbivores but accurate
assessments in the field are usually difficult and time-consuming. This study explored the possi-
bility of predicting digestibility and metabolizability of organic matter from the chemical com-
position and retention time of food in barnacle geese Branta leucopsis. Captive animals were
used in indoor trials to allow accurate assessments of digestion in terms of energy, organic mat-
ter and nutritional components. Retention times were estimated from dropping rates which were
recorded by an electronic device. The regression models that best explained the variation in appa-
rent digestibility and metabolizability of organic matter incorporated the proportion of cell walls
in the food (acid detergent fibre had a negative effect) and the retention time (longer retention
had a positive effect). To test the predictive power of the regression model, we performed seven
field trials with captive barnacle geese on Festuca rubra salt marshes. The regression model pro-
ved reliable except when salt concentrations in the food were high following inundation by spring
tides. The results obtained from this study further demonstrated its value in estimating the indi-
vidual digestibility of each plant species in mixed diets. This is illustrated with reference to a
study of food selection by brent geese Branta bernicla. 
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Investigations of food digestibility form an important element in studies of energy
balance in animals (Robbins 1993). However, estimating the digestibilities of food inges-
ted by free-ranging animals is often difficult and time-consuming. Natural markers in
the food have been employed successfully to estimate food digestibilities in herbivores
(Ebbinge, Canters and Drent 1975, Karasov 1990) but this technique is laborious, requi-
ring large efforts in collecting representative samples of food and faeces and in the sub-
sequent chemical analyses of both (Lane and Hassall 1996). In vitro simulations of diges-
tive processes were developed to overcome these problems (Goering and Van Soest 1970)
but this technique is beset by analytical difficulties and its validity for non-ruminants is
uncertain (Schwartz and Hobbs 1985). A simpler approach is to predict digestibilities
on the basis of the chemical composition of the food (Van Soest 1982). Such predictive
regressions are extremely useful both because they indicate the nutritive value of the
food and because they explain why some plant species are better digested than others.
In this study, we explored predictive regressions in the barnacle goose Branta leu-
copsis. Geese are interesting study objects for this purpose because they have relative-
ly simple digestive systems resulting in short retention time and a poor digestion of the
food. Relative to the nutritional ecology of ruminants, that of hindgut fermenters such
as geese has been little studied (Sedinger 1997) and the number of digestion trials lin-
ked to the ecology of birds in the wild is particularly low (Boudewijn 1984, Buchsbaum,
Wilson and Valiela 1986, Sedinger, White, Mann, Burris and Kendrowski 1989, Hupp,
White, Sedinger and Robertson 1996). We aimed to apply the precision of indoor trials
to direct observations of the foraging ecology of geese in the wild. Our study included
(i) indoor digestion trials during which captive birds were provided with plants that
were among their wild conspecifics’ most important food species during winter and
spring, and (ii) trials with captive geese on salt marshes.
The amount of energy that herbivores derive from their food depends on its chemi-
cal composition and on the digestive physiology of the animals (McWilliams and
Karasov 1998). We therefore considered the effects both of the chemical composition
of the food and of the length of time the food remained in the digestive system (the
retention time). First, we identified the main correlates of digestion with features of the
food and with the retention time. We further assessed the digestibility of the food in
terms of its separate components (protein, fat and carbohydrates). Variation in retention
time was achieved by offering food for different lengths of time per day in combination
with exposing the geese to different light-dark regimes. Variation in food quality was
achieved by providing food plants that were collected on different dates and from dif-
ferent habitats. The accuracy of the predictions of digestibility of organic matter that we
inferred from linear regressions was subsequently tested against actual digestibilities
obtained from feeding trials on natural vegetation. We further provide an example of
food choice by wild brent geese Branta bernicla that indicates when the regression
method is particularly useful.
Chapter 3
32Methods
Indoor digestion trials
Digestion trials were carried out with two barnacle geese that had been captured in
February, two months before the onset of the trials. To avoid unwanted effects of artifi-
cial food on the digestive system (Owen 1975, Sibly 1981), the birds were kept on grass
lawns. During the trials, the geese were housed in separate cages (1×1×1m) in a room
in which the temperature was maintained at 20±2ºC. The birds could see each other,
which was a prerequisite for them to behave quietly. Two types of food were available
ad libitum: (a) Festuca rubra, collected from coastal marshes on three dates in the
spring, and (b) a mixture of Lolium perenne and Poa spp., collected from inland pastu-
res. The mower chopped the grass in pieces of 1-4 cm, which is approximately the size
of leaves that wild geese ingest (Prop et al. 1998, Kristiansen, Fox and Nachmann
2000). Both types were stored at -20ºC. Festuca was provided for 12 light hours per day
(9 am to 9 pm) while the Poa/Lolium mix was provided for 12, 16 and 23 light hours
per day to enable the geese to retain the food for longer periods. Each test was compo-
sed of a two-day conditioning period to allow the birds to habituate to the experimental
situation followed by a three-day digestion trial. Droppings passed through the wire-
mesh floors of the cages and were collected on plastic trays. Each dropping was regis-
tered by a sensor attached to the tray and the times of production were stored in a data
logger. For each trial an average interval between successive droppings was calculated.
Droppings were removed every 6 hours during the light periods and immediately 
weighed to determine their fresh mass. The batch collected after the subsequent hours
of darkness (at 8 am) were allocated to the dropping production of the previous day. The
droppings from each day were homogenized and two subsamples of 300 g each were
freeze dried to determine the water content for conversion of fresh dropping mass into
dry weights. To prevent spilled food mixing with the droppings, the grass was presen-
ted in dispensers mounted against the cages; these were replenished every 6 hours. The
amount of food consumed was determined as the total mass provided minus food remai-
ning or spilled. Subsamples of 500 g were freeze dried to determine the water content
and were stored for later chemical analyses. The geese were weighed regularly from the
time of their capture and before and after each digestion trial. They maintained their
average body mass of 1.68 kg (the daily weight change relative to initial body mass was
on average -0.1% and -0.6% on Poa/Lolium and Festuca respectively) but they did not
show the increase in mass typical for wild individuals in the spring (Ebbinge, Van
Biezen and Van Der Voet 1991).
Field trials
To validate the predictions of digestibility of organic matter derived from the indoor
trials, we performed further digestion trials in the field. Two different barnacle geese
were individually housed in large pens (100m
2) located on Festuca swards on a salt
marsh used by wild barnacle geese. The captive birds showed the same diurnal activity
pattern as the wild ones. At night they were kept in a resting enclosure where they had
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The pens were placed on swards that had not been grazed for about one week, thus
simulating the grazing regime of the wild geese (Ydenberg and Prins 1981). Immediately
prior to the experiments, samples of Festuca were collected for later chemical analyses.
On the trial days, all droppings were recovered for subsequent drying, weighing and
analyses. Dropping intervals were calculated as the time during which the geese were
active (which was similar to that during which they had access to food as they had only
brief spells of resting) divided by the number of droppings produced.
Chemical analyses
Both food and droppings were ground through a 1 mm sieve and then analysed for total
nitrogen (Kjeldahl), cell wall components (neutral detergent fibre NDF, and acid deter-
gent fibre ADF; Goering and Van Soest 1970) and ash. Hemicellulose was calculated as
the difference between the concentrations of NDF and ADF. In addition, samples from
the indoor trials were analysed for crude fat (ether extract) and caloric content (by adia-
batic bomb calorimetry). The fat content of Festuca in the field trials was estimated
from the average values for the Festuca samples from the indoor trials. To distinguish
between nitrogen from faeces (undigested proteins) and nitrogen from urinary waste
products (mainly uric acid; Robbins 1993), we determined the nitrogen associated with
proteins following the precipitation method of Terpstra and De Hart (1974). Crude pro-
tein (hereafter protein) in the food was calculated as the percentage of total nitrogen
multiplied by 6.25 (Robbins 1993). Similarly, protein concentrations in the droppings
were calculated from the nitrogen associated with proteins. The concentration of urina-
ry products in the droppings was calculated from the percentage of uric nitrogen mul-
tiplied by 3, given that urinary products contain 33% nitrogen (Terpstra and De Hart
1974). Soluble carbohydrates were estimated as the complement of ash, NDF, protein
and fat. For the droppings, this amount was reduced by the concentration of urinary pro-
ducts. All concentrations were expressed on an organic matter basis (om, or ash-free).
Calculations and statistics
The apparent digestibility of component C (%) was calculated as:
where Fc= the proportion of component C in the ash-free dry mass of the food, and Oc=
the proportion of C in the ash-free dry mass of the droppings. Component C stands for
protein, soluble carbohydrates, fat,ADF and hemicellulose; R = the ratio of the ash-free
dry mass of droppings to that of the food in the indoor trials, and the ratio of the ADF
content of the food to that of the droppings in samples from the field trials. ADF is a
reliable marker substance in spring (Prop and Vulink 1992) when the field trials were
conducted. Calculating digestibilities would give the same results when concentrations
and the mass of food and droppings were all expressed on a dry matter basis. The appa-
rent digestibility of organic matter Dom was adjusted to account for possible nitrogen
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DC = FC -(OC ×R)
FC
×100retention. If geese were in positive nitrogen balance, a corresponding amount of uric
acid was added to the output of droppings (Miller and Reinecke 1984). A negative nitro-
gen balance was similarly adjusted. Because of the 33% nitrogen in uric acids (see
above), the amount of uric acid was calculated by multiplying the amount of nitrogen
retained by a factor 3:
where FN and ON are the concentrations of nitrogen in food and droppings.
Likewise, the apparent metabolizability of the food (AM, %) was calculated as 
where Fenergy and Oenergy are the energy content of the food and droppings (kJ g
-1 om),
respectively. To convert the amount of nitrogen retained into energy values, we used a
multiplication factor that represented the amount of energy required to excrete nitrogen
(34.4kJ g
-1, Miller and Reinecke 1984). The metabolizable energy of the food was cal-
culated as the product of its apparent metabolizability and the energy content:
ME=(AM / 100) × Fenergy, kJ g
-1 om. 
The contribution of component C to the metabolizable energy was calculated as:
MEc = (Fc ×Dc ×Ec)×10
-4,
where C stands for protein, soluble carbohydrates, fat, ADF and hemicellulose, and Ec
for the physiological energy content. The energy contents of protein (17.8 kJ g
-1 - which ac-
counts for the loss of part of the energy in urinary products), carbohydrates (17.6 kJ g
-1)
and fat (39.3 kJ g
-1) were derived from Schmidt-Nielsen (1975).
Standard statistical tests were used to analyse the data (SPSS 1999). To analyse the rela-
tionships between digestibility and both the chemical composition of the food and the
dropping intervals (i.e. the retention time), regression analysis was performed with a
backward elimination procedure. Plant species and test bird were entered as dummy
variables. To allow for the number of replicates for each trial, the variables representing
the test birds were kept in all regressions. The results of each test of the field trials were
averaged across the two test birds. Unless otherwise stated, average values are given as
means ±SD.
Results
Indoor trials
The plant components that were best digested were proteins, followed by soluble carbohy-
drates, fat and NDF (Table 1). Protein and soluble carbohydrates together contributed
most (75%) to the metabolizable energy. ADF and hemicellulose, which together were
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Dom = Fom -(Oom ×R+(FN -ON ×R)×3)
Fom
×100,
AM =
Fenergy -(Oenergy ×R+(FN -ON ×R)×34.4)
Fenergy
×100,the largest components in the plants, provided only 16% of the metabolizable energy;
for fats this figure was 9%.
The digestibility of organic matter was higher in Poa/Lolium than in Festuca (36.7
and 31.0%, respectively; F1,9=33.40, P<0.0005). Similarly, the metabolizable energy
was higher in Poa/Lolium than in Festuca (F1,9=34.94, P<0.0005). In both, the metabo-
lizability of energy was slightly higher than the digestibility of organic matter. The
geese were in positive nitrogen balance during each of the tests and retained 0.33 (Poa/
Lolium) and 0.88 (Festuca) g nitrogen per day. 
Dropping intervals were shortest when the geese were feeding on Festuca (3.82±
0.83 min) against 4.44±0.72 min for Poa/Lolium, F1,9=4.9, P=0.05) and the droppings
were heavier (Festuca: 0.66±0.19 g; Poa/Lolium: 0.36±0.06 g, F1,9=24.8, P=0.001). The
dropping intervals were positively related to the concentration of protein in the food
(F1,8=9.2, P<0.05) and to the day length available (F1,8=15.1, P=0.005). 
We tested two methods for predicting the apparent digestibility of organic matter.
First, because the digestibilities of the nutritional components differed (Table 1), we ex-
pected that the apparent digestibility of the organic matter would vary with the chemical
profile of the food. To obtain an estimate of the apparent digestibility of the organic mat-
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Table 1. Composition of food plants, the apparent digestibility of plant components and their contri-
butions to apparent metabolizable energy (ME). Metabolizable energy was also derived from direct
calorimetric measurements of food and droppings (rows marked as ‘energy’). Mean values ± SD for
Festuca rubra (n=6) and a mixture of Poa spp. and Lolium perenne (n=6)
concentration in food apparent  ME
(% of om) digestibility (%) (kJ per g om)
Festuca
protein 21.2 ±3.4 72.2 ±1.9 2.73 ±0.51
soluble carbohydrates 24.7 ±2.2 57.2 ±4.8 2.49 ±0.39
fat 6.7 ±0.6 22.4 ±2.1 0.59 ±0.07
ADF 22.6 ±0.6 -0.4 ±2.2 -0.01 ±0.08
hemicellulose 24.8 ±0.9 25.4 ±6.0 1.10 ±0.23
organic matter 100.0 31.0 ±1.2
energy 20.8 ±0.1
1) 32.1 ±1.3
2) 6.73 ±0.18
Poa/Lolium
protein 20.3 ±0.5 71.6 ±2.6 2.56 ±0.13
soluble carbohydrates 33.4 ±1.2 59.3 ±5.4 3.47 ±0.33
fat 6.6 ±0.4 30.3 ±6.3 0.79 ±0.17
ADF 20.7 ±0.6 3.1 ±3.1 0.11 ±0.11
hemicellulose 19.0 ±0.3 35.2 ±6.5 1.18 ±0.20
organic matter 100.0 36.7 ±2.8
energy 20.6 ±0.03
1) 39.3 ±2.5
2) 8.14 ±0.53
1) kJ per g om; 2) apparent metabolizability.ter, we therefore calculated the products of the concentration and the average digestibi-
lity of each of the nutritional components (Table 1) and summed them as 
Dom = ∑Fc × Dc. This method proved adequate only in showing the large differences in
apparent digestibility of organic matter between plant species, however (F1,9=213.5,
P<0.0005), and failed to detect more subtle changes within each plant species separate-
ly (F1,9=1,8, P=0.22). It seems that the digestibility of the nutritional components varied
due to other factors and that this prevented accurate predictions of the digestibility of
the food. 
In a second test, we analysed the predictive power of the retention time, as meas-
ured by dropping intervals, in combination with the proximate composition of the food.
By incorporating retention time in the regression we were able allow for better digestion
when food is retained for longer periods in the digestive tract (Van Soest 1982). After
backward elimination of non-significant terms in the model, the apparent digestibility
of organic matter appeared to be closely related to a combination of the concentration
of ADF in the food and the retention time (Fig. 1, r
2=0.74, P<0.01). The concentrations
of protein and NDF did not contribute significantly to the final model (Table 2). Neither
was plant species included in the model, indicating that the differences between species
were adequately explained by the retention time and the concentration of ADF in the
food. Similarly, the apparent metabolizability was closely related to the ADF concen-
tration in the food and the retention time (Table 2).
Field trials
The quality of the food ingested during the field trials declined during the spring with a
decrease in the protein content of Festuca  and an increase in the ADF (Table 3).
Concurrently, the food was less well digested as the season progressed with a rapid drop
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Fig. 1. Relationships between the apparent digestibility of organic matter and dropping interval (left
panel) and ADF content of the food (right panel). Separately indicated are trials with Festuca (open
circles) and Poa/Lolium (filled circles). Given are partial plots in which the effect of the other inde-
pendent variable has been removed. Statistics are given in Table 2.in the digestibility of organic matter during the last two trials in April. Increases in the
total food intake reflected the increasing day length available for feeding. 
The observed apparent digestibility of organic matter in Festuca was compared with
predicted values based on the results of the indoor trials (Table 2). The predictions gave
a good fit during the first five observation days (r
2=0.76) but during the last two the
observed digestibilities dropped well below the predictions (Fig. 2). 
Chapter 3
38
Table 2. Multiple regression analysis of the apparent digestibility and metabolizability of organic
matter (%) in relation to the content in the food of protein, NDF and ADF (% of organic matter) and
to the retention time (dropping intervals in min). Plant species and test bird are dummy variables.
Test bird, though not significant, was included in the final model. Coefficient estimates (± 1SE) are
given for an averaged individual.
apparent digestibility apparent metabolizability
coefficient tP coefficient tP
protein - -0.88 n.s.- -0.58 n.s.
NDF - 0.89 n.s. - 1.11 n.s.
ADF -1.64±0.65 -2.52 <0.05 -1.81±0.68 -2.77 <0.05
dropping interval 3.11±1.19 2.33 <0.05 3.95±1.40 2.81 <0.05
plant species - 1.42 n.s. - 1.88 n.s.
test bird - 0.86 n.s. - 1.40 n.s.
constant 56.68±18.82 2.88 <0.05 57.68±19.82 2.84 <0.05
model F3,8=7.46 0.01 F3,8=9.42 0.005
Table 3. Results of seven field feeding trials averaged for two individual barnacle geese. Given are
the food composition (protein and ADF as % of the organic matter of Festuca), the apparent digesti-
bilities of the organic matter, the total food intake per day and the average dropping intervals (min). 
date protein ADF apparent intake  dropping 
(% of om) (% of om) digestibility (g dry wt day
-1) interval 
(% of om) (min)
9 March 30.0 16.2 44.2 45.9 4.42
16 March 30.2 16.7 41.2 40.0 3.98
22 March 31.3 16.7 42.1 87.2 4.29
30 March 27.6 16.7 42.6 84.0 4.50
7 April 29.8 19.3 40.2 88.2 4.10
14 April 29.2 19.0 36.6 89.9 5.06
19 April 25.6 20.5 33.4 74.5 5.48Discussion
Behaviour of the geese
The value of feeding trials depends on the avoidance of anomalies arising from keeping
the subject animals on unnatural foods (Sibly 1981), and on their adequate acclimatiza-
tion to the experimental situation (Sedinger et al. 1989). The geese used in these trials
were caught only a few months in advance; they were kept in a holding pen with a sward
composed of grasses which they would have encountered in the wild; and they appeared
to behave naturally during the experiments. We are confident, therefore, that their dige-
stive systems functioned normally during the trials and that the measured variation in
digestibilities reflected a natural response to the food on offer.
Although the geese in both trials had ample food available to them, those used in
the indoor experiments fed for only part of the day. It seemed that they were ingesting
the minimum amount of food necessary to maintain a constant body mass. This beha-
viour was in contrast to that of geese in the wild at this time of the year, when they accu-
mulate body stores by maximal ingestion of food (Owen 1980a). Because the retention
time of the food in the geese used in the indoor trials is likely to have been affected by
this sub-maximal ingestion, care must be exercised when extrapolating the results to
birds in the wild.
Variation in digestibility
The retention time of the food varied with two factors. First, it increased with high pro-
tein (and low cell wall) concentration. This is surprising because in several animal taxa
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Fig. 2. The apparent digestibility of organic matter of barnacle geese in large pens on Festuca
swards. Observed digestibilities, based on ADF as a natural marker, are compared with predictions
from indoor feeding trials (mean -1SE, based on the regression in Table 2). The vertical line indica-
tes when the salt marshes were flooded during high tides.Chapter 3
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the reverse trend is common and more food is ingested, which is processed at higher
rates, if its digestibility is high (Van Soest 1982, Beckerton and Middleton 1983).
Retention times are thus adjusted to the time required to digest the food, which seems
an appropriate strategy when animals maximize the metabolizable energy intake. On the
other hand, Foley and Cork (1992) argued that small herbivores retain low quality food
for shortest periods in order to clear the digestive tract for higher quality items. This
strategy applies to animals that have a fair chance to find better food in the near future
which was obviously not the case for the geese during the digestion trials. Instead, it
seems that the geese during the trials adopted a strategy of ingesting an amount of food
that enabled them to satisfy their minimum energy needs. This is consistent with the
constant body mass during the trials (see above), and also with the positive relationship
between retention times and protein concentration in the food.
The second factor with which retention time varied was the day length available for
feeding. This corresponds to the seasonal pattern in retention times observed in wild
geese (Prop and Vulink 1992) and supports the postulate that retention time is adjusted
according to day length (Prop and Vulink 1992), rather than to food quality alone (Van
Soest 1982). 
Longer retention times had a positive effect on the digestibility of organic matter
which was also influenced by its chemical profile, in particular by the concentration of
ADF. These feeding trials, therefore, confirm observations in wild geese (Prop and Vulink
1992), and in herbivores in general (Van Soest 1982, Robbins 1993), that digestion
varies with food quality and retention time. The two test foods differed in the apparent
digestibility of organic matter, but these differences were explained by their proximate
composition. This indicates that the chemical profile of the food plants and the reten-
tion time, were together adequate predictors of the digestibility of organic matter (Fig. 1),
and likewise of the metabolizability of energy. 
The regression method
It is tempting to try to predict how well herbivores digest their food on the basis of the
chemical profile of the food plants alone, without the extensive measurements necessa-
ry to determine the digestibility from food and faeces (Van Soest 1982). During the field
trials we found that the digestibilities of organic matter predicted from the indoor trials
fitted the observed values well. It should be noted, however, that, the significance level
of the correlation may have been inflated to some extent because both the predictions
from the regression and the field estimates were partly based on the ADF concentration
in the food. Digestibilities were poorly predicted for the last two field trials.
Immediately before these observations were made, high-tides flooded the Festuca mars-
hes where the trials were conducted. As a consequence of mud and salt deposited on the
leaves, the food plants contained almost twice as much ash as they had during the pre-
vious trials (15.6±4.6% and 8.1±1.9%, sand excluded, F1,5=15.6, P<0.025). Barnacle
geese avoid food containing more than 5% salt (Canters 1973) and, assuming that most
of the additional ash measured during the last two trial days (7.5%) was composed of
salt, this threshold was well exceeded. In fact, we observed that wild barnacle geesePredicting digestion efficiency
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avoided the parts of the salt marsh that had been inundated by moving to areas above
the tide line (see also Stahl, Bos and Loonen 2002). Canada geese grow at a low rate
when their drinking water is highly saline (Stolley et al. 1999) and high concentrations
of salt in their food impair microbial activity in the guts of sheep (Clarke 1977), sup-
pressing food digestion. We suggest that the low digestibilities observed during the last
two field trials were caused by high salt concentrations in the food plants.
The regression method is particularly useful in the analysis of feeding trials where
the test diet is composed of several plant species, the digestibility of each of which is
required to be measured separately. As an example, we present a case of brent geese
foraging on salt marshes in the Wadden Sea in the spring. Samples of food plants and
of the droppings of wild geese were collected as in the field trials of this study, and the
apparent digestibility of organic matter was calculated in the same way, using ADF as
a marker (Prop and Deerenberg 1991). To model food selection, it is necessary to know
the digestibility of each plant species separately. This can be achieved by predicting the
digestibility or metabolizability of organic matter from the regression models generated
in this study (Table 2). The four food species varied widely in their digestibility (Table
4) and this would have been difficult to show without using the regression method. As
a further check on the validity of the method, the average digestibility of this sample
was calculated from the four digestibilities weighted by their importance in the diet.
This weighted mean of the apparent digestibility of organic matter was close to the esti-
mate of digestibility obtained using ADF as a marker (38.5 and 37.3% respectively), as
was the case in all of the samples collected in the brent goose study (36.9%, SE 0.77
and n=50, compared to an average of 35.3%, SE 0.88, with the marker method, with a
correlation coefficient of 0.76). 
In conclusion, predicting the digestibility of food on the basis of regression models
generated from feeding trials may provide good estimates in a cost-effective way. One
pitfall of such an approach, however, is that unexpected factors may become important.
Table 4. The apparent digestibility of organic matter in brent geese determined by the marker method
(bottom line) and for each of the food plant species separately using the regression model in Table 2.
The digestibility of the sample weighted by the importance of each of the species in the diet was
close to the estimate obtained using the marker method. This example was extracted from a study on
brent geese (Prop and Deerenberg 1991) for a date when the average dropping interval was 4.25 min.
plant species in diet  ADF in plants  apparent 
(%) (% of om) digestibility 
(% of om)
Festuca rubra 3.0 21.2 35.2
Puccinellia maritima 17.8 16.6 42.7
Plantago maritima 69.1 20.5 36.4
Triglochin maritima 10.0 14.9 45.5
weighted apparent digestibility (% of om) 38.5
apparent digestibility using a marker (%) 37.3Chapter 3
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We were faced with sudden increases in the concentration of salt in the food during the
field tests which we think impaired its digestion. Similarly, high concentrations of
secondary plant compounds (tannins, for example) may cause a less efficient digestion
than might be expected on the basis of nutrient components alone (Robbins 1993). We
do not, therefore, advocate the regression method as a replacement for the marker tech-
nique, but suggest that predicting the digestibility of organic matter from regressions is
particularly useful when estimating the individual nutritional value of different food
plant species in mixed diets. Knowledge on the digestive physiology of herbivorous
waterfowl is limited (Sedinger 1997), and in particular understanding variation in the
ability to digest food among waterfowl species is an underdeveloped field of study
(Bruinzeel et al. 1998). More work is therefore needed to validate and to refine the
regression models generated in this study, and to make them applicable to a wide range
of herbivorous waterfowl. 
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Barnacle geese foraging on traditional Festuca marshes in Norway.Chapter 4
Food intake, body reserves and reproductive success of
barnacle geese Branta leucopsis staging in different habitats
Jouke Prop and Jeffrey M. Black
Abstract
This paper concerns the effect of habitat choice on the dynamics of deposition of body reserves
in spring-staging barnacle geese Branta leucopsis. On their way to breeding areas on Spits-
bergen, these geese reside for several weeks on islands off the coast of Helgeland, Norway. They
use three distinct habitat types: managed islands, which are covered by Hay-meadows fringed by
salt-marsh vegetation and where grazing by livestock occurs; abandoned islands, where in the
absence of people vegetation on the upper parts of the islands has developed towards communi-
ties dominated by tall herbs; and agricultural islands, where pastures are the mainstay for the
geese. In each of these habitats data were collected on intake and digestibility of food compo-
nents. Habitat-mediated differences in the birds’foraging performance resulted in large variation
in the accumulation rate of fat and protein reserves. Total body reserves deposited by birds on
abandoned islands were 11% less than birds in a managed habitat. Geese on agricultural islands
deposited much larger fat reserves than birds in the other habitats, whereas their protein reserves
were smaller. Fat deposition rates in the three habitats were related to different levels of digesti-
bility and ingestion rate of the food. The probability of raising offspring through to autumn was
positively related to the fat scores that individuals achieved by the end of the staging period.
However, this was not the case for geese staging in agricultural habitat, possibly because the
small amounts of protein accumulated may have prevented the development of a sufficiently
strong muscle system. Creating reserves on agricultural land to accommodate geese in spring
may therefore have negative consequences on the birds’ reproductive performance.
Published in: Norsk Polarinstitutt Skrifter 200: 175-193 (1998)
45Introduction
Food resources available during the non-breeding season can affect an individual’s fit-
ness by influencing its reproductive success (Davies and Cooke 1983; Thomas 1983;
Daan et al. 1989). The link between reproductive success and habitat choice outside the
breeding season is particularly important in migratory birds that breed at northern lati-
tudes but winter in temperate regions that are often influenced by man. This implies that
management of the winter habitat could affect the productivity of the population.
Geese breed in arctic regions and generally winter some thousands of kilometres to
the south (Owen 1980a). During recent decades many goose populations have shown a
tendency to shift from natural towards man-made habitats (Owen 1980a; Robertson and
Slack 1995), thus becoming increasingly dependent on agricultural crops. Agricultural
foods are highly digestible but contain fewer nutrients than natural vegetations provide.
Foraging on food that has a high metabolisable energy content can be costly when the
need for required protein is not met (McLandress and Raveling 1981b; Madsen 1985;
Alisauskas et al. 1988).
In our study of the barnacle goose Branta leucopsis population breeding on Spits-
bergen, habitat choice and body condition during spring migration and the subsequent
reproductive success could be established. This bird is therefore an appropriate subject
for studying the relationship between pre-breeding habitat choice and subsequent repro-
ductive success. The population used three distinct habitats:
• Managed islands, where local people keep low densities of cows and sheep.
• Abandoned islands, which were once inhabited by people.
• Agricultural areas, where geese depend largely on pastures managed by dairy farms.
Since the early 1980s goose numbers on managed islands have remained constant,
whereas those on abandoned island decreased (Prop et al. 1998). The agricultural area
was discovered by geese in the 1980s (Black et al. 1991). Seven years after the first
flocks of geese had been observed on these islands, more than 30% of the whole popu-
lation used this newly colonised habitat.
Interested in studying the phenomenon and consequence of this habitat change, we
posed two questions: (1) What are the implications of habitat choice for the reproducti-
ve success of geese? and (2) Could a difference in breeding success explain why geese
progressively shifted towards the agricultural habitat?
To find answers to these questions, we based our work on three levels of enquiry:
• Determining the quality of the habitats in terms of food intake.
• Estimating the accumulation of body reserves within each of the habitats. Fat and pro-
tein reserves were estimated separately by assessing the intake and output of energy
and nitrogen. An independent measure of fat reserves (i.e. fatness score) was obtained
from abdominal profile indices (Owen 1981).
• Investigating the fitness consequences of the amount of body reserves deposited. This
was done by comparing the reproductive success of individuals using different habi-
tats.
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Data were collected in the coastal area of Helgeland, Norway (65º45'N, 12ºE). Over
10,000 small islands are scattered off the coast, extending up to 40 km from the main-
land. Many islands are steep and barren, but islands that are flat and close to sea level
usually provide vegetation suitable for geese (Gullestad et al. 1984). Throughout the
area, small settlements, where fishermen/farmers and their families live, are located on
so-called Home islands. Each of these islands is surrounded by a scatter of Outer
islands, together forming a cluster of managed islands. Home and Outer islands are gra-
zed by sheep and cattle, and the vegetation is cut for hay-making. Typical for managed
islands is the presence of Hay-meadows, which are characterised by a high density of
grasses (mainly Poa spp.) attractive to geese. In the 1970s and 1980s many of the local
people moved to the mainland, and the traditional management came to an end. Hay-
meadows are almost lacking on abandoned islands (Prop et al. 1998); the upper parts of
these islands are covered by a vegetation predominated by herbs that are inedible to
geese. Managed and abandoned islands are fringed by salt marshes that are heavily used
by geese. The marsh zones are dominated by Puccinellia maritima, Festuca rubra and
Agrostis stolonifera. The agricultural areas are located on larger islands close to the
mainland. Main crops grown on the fields are Phleum spp. and Poa spp. In each of the
main habitats, a study island was selected: Sandvaer (visited in 1988-1992), Laanan
(1987, 1989-1993), and Herøy/Tenna (1988-1993), representing managed, abandoned and
agricultural habitat, respectively. The islands of Sandvaer and Laanan are within the tra-
ditional range of the geese (Gullestad et al. 1984). Most of the observations on Laanan
and Sandvaer were collected on the Home islands which are visited by geese from dusk
to approximately 8 a.m. During the remaining part of the day geese feed on surrounding
islands. Data on body condition and the identity of ringed geese were collected in all
the years the islands were visited. We included data collected in 1980-1982 on Laanan,
which in those years had the characteristics of a managed island (people abandoned the
island in 1980). Other data were mainly collected from 1990 through 1993.
Methods
Analyses on plants and droppings
At intervals of 3 days, samples of the main plant species were collected by carefully
imitating goose grazing with finger and thumb. Within Festuca rubra we made a dis-
tinction between two different types. One type dominated most of the Festuca-zones
along the shores, the other - which we called Festuca-low - was more patchily distribu-
ted closer to the shore line. Samples were immediately dried at 70ºC and stored for later
processing. The amount of material collected varied between 5 and 15 g dry weight per
sample. Samples were ground in a mill to pass through a sieve of 1 mm. They were then
analysed for total nitrogen (Kjeldahl, modified to include nitrate), acid detergent fibre
(ADF, one of the cell wall components, Goering and Van Soest 1970), and ash (by inci-
nerating samples for 8 hours at 500ºC in a muffle furnace).
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was done at intervals of 4 days. Care was taken to collect only fresh droppings by selec-
ting sites where geese had been observed the preceding few hours. Samples were dried
at 70ºC and stored. Later in a laboratory samples were re-dried to constant weight, and
weighed. For further analyses samples collected the same date were pooled (two bags
per day), and homogenised in a blender. First, these pooled samples were used to assess
diet composition by microscopical analysis. Identification of fragments was based on
the form and structure of the epidermal cells (Owen 1975), which allowed to identify
separate genus, species or Festuca-type. An adequate amount of material was taken to
cover most of the surface of a slide. Preparations were non-permanently mounted in
water, and no additional procedures were required to improve the identification of frag-
ments. The relative proportions of food components were determined by systematic
point sampling (Prop and Deerenberg 1991). Subsequently, the samples were ground in
a mill to pass through a sieve of 1 mm, and they were analysed for ash, total nitrogen
and ADF. To avoid the complications of nutrients leaching from the droppings, only
samples collected under dry conditions were analysed.
Dropping rate
Dropping rates were assessed by following foraging geese and timing the production of
consecutive droppings. Only birds within close range (less than 100 m, and most often
within 50 m) were followed, and observations on a particular bird were stopped as soon
as the abdomen was out of view. By using markers set out by the observers as reference
points, in addition to micro-features in the terrain, the exact location of droppings obser-
ved at the time of production was noted. After the geese had left, droppings were reco-
vered and dried for later re-drying and weighing.
Abdomen profile
The abdomen profile (AP; Owen 1981) was used as an index for the amount of body fat
deposited. AP’s were assessed on a scale from 1 to 7. Consistency in observations
between years and habitats was achieved by placing a set of dummy geese with diffe-
rent AP’s on the main observation sites as a reference. Only observations on birds that
were individually recognisable by leg rings with inscriptions were used. Studies on
pink-footed geese Anser brachyrhynchus and Hawaiian geese Branta sandvicensis
showed that AP classes (similar to ours) are linearly related to fat reserves (Madsen et
al. 1997; Zillich and Black 2002). As we assume this holds for barnacle geese as well,
we treat AP as an ordinal-scaled variable.
Reproductive success
Parents and their offspring usually stay together for at least 6 months (Black and Owen
1989a), and this enabled us to determine the number of goslings that survive up to winter
as a measure of reproductive success. Observations in the wintering grounds were collec-
ted at Caerlaverock, Scotland. For further analysis, pairs were classified as successful
(observed with at least 1 gosling) or unsuccessful (no goslings). Data of geese observed
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success and final AP prior to departure for the breeding grounds (i.e. average AP after
14 May, rounded to the nearest integer).
Calculations
Protein content in plants was calculated by multiplying total nitrogen by a factor of
6.25. Apparent digestibility of the food (%, on an ash-free basis) was calculated follo-
wing Van Soest (1982):
D = 100×(1-Mf/Md)
where Mf and Md are the concentrations (ash-free) of a marker in the food and drop-
pings, respectively. We used ADF as a marker. As a small proportion of ADF may be
digested in spring (Prop and Vulink 1992) estimates of digestibilities are conservative.
Mf was calculated from the regressions of ADF in food plants by date, where the relati-
ve importance of each species was weighted by the occurrence in the diet.
Ingestion rate of organic matter (g min
-1) was calculated as:
IR = (W/I)×(100/(100-D))
where W= average dropping weight (ash-free) of the sample; I= average dropping inter-
val derived from the regression of intervals by date (see Results). The quotient of W and
I estimates the egestion rate during foraging, and observations were therefore only col-
lected while geese were active (feeding plus short vigilant spells, as opposed to periods
of loafing lasting for at least several minutes).
Digestion rate (g min
-1) was calculated as:
IRD = IR×(D/100).
Retention efficiency of nitrogen (%) was calculated as:
AN = 100×(1-(Mf/Md)×(Nd/Nf)),
where Nf and Nd are the proportions of nitrogen (ash-free) in food and droppings, respec-
tively. Nf was calculated from the regressions of nitrogen in food plants by date, where
the relative importance of each species was weighted by the occurrence in the diet.
Ingestion rate of nitrogen (g min
-1) was calculated as:
IRN = IR×(Nf/100).
Retention rate of nitrogen (g min
-1) was calculated as:
IRAN = IR×(Nf/100)×(AN/100).
Excretion rate of nitrogen (g min
-1) was calculated as:
ERN = (W/I)×(Nd/100).
The excretion of nitrogen is a continual process, and we estimated excretion rates
during rest (ERN0) from the regression of ERN on IRAN by extrapolating to a nitrogen
ingestion rate of 0.
Body stores and habitat choice
49Accumulation of nitrogen (g day
-1) was calculated as the difference between ingested
and excreted nitrogen:
SN = (IRAN×Active)-ERN0 ×(24×60-Active),
where Active is the number of min per day geese were foraging: 990 min in managed,
1044 in abandoned and 888 min in agricultural habitat (F2,340=15.38, P<0.005; data de-
rived from Black et al. (1991), supplemented with data collected on Sandvaer and
Herøy/Tenna in 1990, P. Shimmings, unpubl.).
Accumulation of protein stores (g day
-1) was calculated as:
SP = SN×6.25,
assuming 16% of protein is composed of nitrogen (Blaxter 1989).
Energy available for accumulating fat stores was calculated as the surplus of metaboli-
sable energy intake after allowing for energy required to maintain body mass and for
energy invested in protein stores:
PEFAT = (IRD×EM×Active)-DME-(SP×Eprot/EFFprot).
This results in an accumulated amount of fat (g day
-1) of 
SFAT = (PEFAT ×EFFFAT)/EFAT.
EM is an estimate of the energy content of metabolized matter, derived from digestion
trials on barnacle geese feeding on different grass species (Prop et al. 2004). This value
shows little variation and is taken at 18.6 kJ g
-1. Energy content of protein and fat,
respectively (Schmidt-Nielsen 1975) are Eprot=18 kJ g
-1 and Efat=39.5 kJ g
-1. Efficiency
of synthesis of protein and fat tissue, respectively (energy retention as a proportion of
energy invested; Simon 1989) are EFFprot=0.61 and EFFfat=0.77. The daily metabolisa-
ble energy requirement to maintain constant mass DME was estimated at 2 × BMR
(Basal Metabolic Rate according to Aschoff and Pohl (1970)). Body mass was assumed
to be similar to the Baltic-Russian barnacle goose population (derived from Ebbinge et
al. 1991: in May increasing from 2.0 to 2.4 kg).
Data were analysed using a standard statistical package (SPSS, Norusis 1990). Diet
was analysed by MANOVA; reproductive success by logistic regression; all other ana-
lyses by ANOVA or ANCOVA. To minimise effects of pseudo-replication, analyses of
dropping intervals were performed on 1-hour block averages for each individual pair.
Data on unringed birds were treated as independent observations. This seems a valid
assumption, as unringed birds were only followed when flocks were large (i.e. in agri-
cultural and managed habitat) and the probability of replication was small.
Results
Diet composition
On the managed and abandoned islands, the main food species taken were Festuca
rubra and Poa spp. (Table 1). The diet composition differed between the two habitats
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of geese on managed islands (F1,87=7.39, P<0.01). The diet composition in the two habi-
tats combined changed with date (Fig. 1; F5,83=10.47, P<0.0005). Festuca decreased in
importance (t87=-6.94, P<0.0005), whereas the proportions of other species showed an
increase. Geese feeding on agricultural fields mainly took Phleum and Poa spp. (Table
1). The proportion of Poa in the diet decreased slightly with date (t21=-2.41, P=0.025).
Chemical composition of food plants
Protein content of food species declined through time (Fig. 2). The rate of decrease was
similar for all species (the date by species interaction term was not significant,
F6,119=1.84, P>0.05), whereas the intercepts differed (Table 2A). The species in order of
decreasing protein content were: Puccinellia, Agrostis and Festuca-low, Poa, Phleum
(agricultural area), Festuca and Poa (agricultural area). Within any species, protein con-
tent was independent of habitat (Table 2B). There was a significant variation among
years, which was similar for all species (F11,99=1.16, P>0.05).
ADF content increased through time (Fig. 3). The rate of increase was similar for all
species (F6,61=1.42, P>0.05), whereas the intercepts differed (Table 3A). Species listed
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Table 1. Average diet composition (% of dry weight) by habitat.
Habitat Festuca Festuca Poa Agrostis Puccinellia moss Phleum Poa n
(low) (agricult)
Managed 40.5 13.2 43.7 1.0 0.9 0.7 0.0 0.0 11
Abandoned 64.2 16.3 10.9 7.3 0.7 0.6 0.0 0.0 87
Agricultural 1.7 0.0 0.0 0.0 0.0 0.8 86.6 11.0 23
0
60
20
80
100
%
 
i
n
 
d
i
e
t
36 30 39 45 42 51
date from 1 April
Poa
48 33
40
Agrostis
Festuca (low)
Festuca
Fig. 1. Seasonal pattern in diet composition on managed and abandoned islands combined (total
n=98), averaged by 3-day periods. Not indicated are species that comprised on average less than 1%
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Table 2. ANCOVA of protein content of plant species. Non-significant (N.S.) terms not included in
the model are between brackets; given is the F-value when included in the final model. A. Comparing
plants from all three habitats by date (covariate) and species; n=133, r
2 model=0.70. B. Comparing
plants from managed and abandoned habitats only, by date (covariate), species and year; n=119, r
2
model=0.72.
A
Parameter df F-value P
Date 1 9.38 0.003
Species 6 45.06 <0.0005
(Date×Species) 6 1.84 N.S.
Model 7 41.2 <0.0005
Total 132
B
Parameter df F-value P
Date 1 11.42 0.001
Species 4 63.77 <0.0005
Year 3 3.48 <0.05
(Habitat) 1 0.79 N.S.
(Year×Species) 11 1.16 N.S.
(Date×Species) 4 2.44 N.S.
(Date×Year) 3 1.74 N.S.
Model 8 35.26 <0.0005
Total 118
Table 3. ANCOVA of ADF content in food plants. A. Comparing plants from all three habitats by
date (covariate) and species; n=75, r
2=0.79. B. Comparing plants from managed and abandoned
habitats only, by date (covariate), species and year; n=62, r
2=0.89. Conventions as Table 2.
A
Parameter df F-value P
Date 1 29.49 <0.0005
Species 6 32.96 <0.0005
(Date×Species) 6 1.42 N.S.
Model 7 36.38 <0.0005
Total 74
B
Parameter df F-value P
Date 1 26.77 <0.0005
Species 4 68.50 <0.0005
Year 3 3.58 <0.05
(Habitat) 1 0.01 N.S.
Year×Species 10 2.95 <0.01
(Date×Species) 4 0.81 N.S.
(Date×Year) 3 1.41 N.S.
Model 18 18.94 <0.0005
Total 61in order of increasing ADF content were: Puccinellia, Agrostis, Phleum, Poa (agricul-
tural), Poa, Festuca-low and Festuca. Similar species did not differ in ADF content
between managed and abandoned habitat (Table 3B). Plants differed in ADF content
among years, variation depending on the species (F10,43=2.95, P<0.01): in Festuca, for
example, the coefficient of variation of the annual means was 0.049, whereas in Poa this
coefficient was as low as 0.027.
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Fig. 4. Dropping interval (min) and mass (g dry weight) in relation to the time of day. Given are the
means for 1-hour periods. Slopes of interval by time are different between years (F2,298=7.53,
P<0.001): -0.61, -0.12, -0.36. Slopes of dropping mass by time are similar across years (F2,813=2.95,
P>0.05). Production rate of droppings (egestion rate, g min
-1) stabilises after 8 a.m. Average timing
of arrival on and departure from the main study site is indicated by arrows.Dropping rate
Within the first hours of the day, droping intervals decreased in length and tended to sta-
bilise after 8 a.m. (Fig. 4). The mass of droppings showed an increase in the early mor-
ning. As a consequence, the egestion rate (dropping mass divided by interval) increased
in the morning and stabilised after 7-8 a.m. We found no indication that the feeding
effort changed with time (both % of time birds spent feeding, and peck rates remained
constant in the morning; JP, unpubl.). We conclude therefore that the increase in eges-
tion rate was a consequence of filling of the intestinal tract and that the egestion rate
reflected food ingestion rate only after 8 a.m. To derive food intake from dropping pro-
duction, we did the following: (1) based on the relationship between intervals and time
of day, we adjusted dropping intervals to 8 a.m.; (2) dropping weights were based on
samples without information on the exact time of production, and a simple time-adjust-
ment was therefore not possible. To minimise bias towards light droppings, and hence
underestimate ingestion rates, we did not process samples that originated from areas
that had been grazed exclusively in early morning.
Dropping interval
Dropping intervals increased by date (Table 4, Fig. 5). Habitat did not affect dropping
intervals, instead there was variation among years. The interaction term of date and year
was not significant (F5,583=0.40, P>0.05), and we conclude therefore that the daily in-
crease in intervals was similar over years.
Dropping mass
Dropping mass increased by date (Table 5, Fig. 6), and varied by year and habitat.
Droppings were heaviest on agricultural fields and lightest on abandoned islands. The
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Table 4. ANCOVA of dropping intervals, corrected for time of the day (Fig. 4), by year, habitat and
date (covariate); n=595, r
2=0.12. Conventions as Table 2.
Parameter df F-value P
Date 1 20.49 <0.0005
Year 5 10.69 <0.0005
(Habitat) 2 2.03 N.S.
(Date×Year) 5 0.40 N.S.
Model 6 13.44 <0.0005
Total 594
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Fig. 6. Dropping mass (g dry weight) by 2-day periods for each of the habitats. Total numbers of
samples in the managed, abandoned and agricultural habitat are 111, 633 and 84, respectively.
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57
Table 5. ANCOVA of dropping mass by year, habitat and date (covariate); n=828, r
2=0.35.
Conventions as Table 2.
Parameter df F-value P
Date 1 43.65 <0.0005
Year 4 8.46 <0.0005
Habitat 2 15.04 <0.0005
Date×Year 4 11.73 <0.0005
(Year×Habitat) 1 0.11 N.S.
(Date×Habitat) 2 0.65 N.S.
Model 11 40.57 <0.0005
Total 827
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Fig. 7. Digestibility of organic matter, ingestion rate of food (ash-free), and digestion rate (ingestion
rate of metabolisable food) by date for each of the habitats. Ingestion rates and digestibilities have
been adjusted for annual differences. The dashed lines in the lower panels indicate the amounts of
food that have to be metabolized to maintain body mass. Regression lines are based on models in
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interaction between date and year of observation was significant (F4,816=11.73,
P<0.0005), which means that the date effect differed between years.
Digestibility and ingestion rate of organic matter
Digestibility of the food showed a quadratic response with date; highest values occur-
red by mid-May (Fig. 7). The date effect was similar across years (interaction term:
F3,80=1.79, P>0.05) and among habitats (F2,81=0.76, P>0.05). Digestibilities differed
among years within each of the habitats (Table 6A). Averaged over years, digestibilities
were highest on agricultural fields, followed by abandoned and managed islands.
Table 6. ANCOVA of (A) Digestibility of organic matter, (B) Ingestion rate of organic matter, (C)
Digestion rate. Habitat and Year are factors, Date and Date
2 are covariates; n=91, r
2=0.53, 0.71 and
0.67. Conventions as Table 2.
A
df F-value P
Date 1 14.69 <0.0005
Date
2 1 14.17 <0.0005
Habitat 2 12.37 <0.0005
Year 3 4.31 <0.01
(Date+Date
2×Habitat) 2 0.76 N.S.
(Date+Date
2×Year) 3 1.79 N.S.
Model 7 13.41 <0.0005
Total 90
B
df F-value P
Date 1 9.58 0.003
Date
2 1 9.01 0.004
Habitat 2 39.69 <0.0005
Year 3 7.64 <0.0005
(Date+Date
2×Habitat) 2 0.39 N.S.
(Date+Date
2×Year) 3 0.27 N.S.
Model 7 28.74 <0.0005
Total 90
C
v
df F-value P
Date 1 13.85 <0.0005
Date
2 1 13.17 <0.0005
Habitat 2 72.85 <0.0005
(Year) 3 0.26 N.S.
(Date+Date
2×Habitat) 2 0.35 N.S.
Model 4 42.74 <0.0005
Total 90Ingestion rates of organic matter and digestion rates showed a quadratic response
with date (Fig. 7). The trend was similar among habitats (F2,81=0.39, and F2,84=0.35,
respectively, P>0.05) and across years (interaction term for organic matter: F3,80=0.27,
P>0.05). Ingestion rates of organic matter differed among years (Table 6B), whereas the
year-effect in digestion rates was not significant (Table 6C). Differences in ingestion
rates were cancelled out because annual averages of ingestion rate and digestibility were
inversely related. Ingestion and digestion rates were highest in the agricultural habitat,
intermediate on managed islands and lowest on abandoned islands.
Retention efficiency and ingestion rate of nitrogen
The retention efficiency of nitrogen, and the ingestion and retention rate of nitrogen
showed a quadratic response with date (Fig. 8). The retention efficiency of nitrogen
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Fig. 8. The retention efficiency of nitrogen, and ingestion rate and retention rate of nitrogen (inge-
stion rate of retained nitrogen) by date for each of the habitats. Ingestion rates and retention efficien-
cies have been adjusted for annual differences. The dashed lines in the lower panels indicate the
amounts of nitrogen that have to be retained to achieve nitrogen balance. Regression lines are based
on models in Table 7.Chapter 4
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differed among years, and differences between habitats were almost significant (Table
7A). Pooling data revealed higher efficiencies in managed and abandoned habitats com-
pared to agricultural habitat (F1,84=4.25, P<0.05). The ingestion rate of nitrogen differed
among years and habitats (Table 7B). The retention rate of nitrogen differed among
habitats (Table 7C), being highest on managed islands. There were no significant year-
effects. None of the interaction terms between a factor and date was significant.
Rate of excretion of nitrogen
The rate of excretion of nitrogen was closely related to the ingestion rate of nitrogen
(Fig. 9). The slopes of the relationship were similar for habitats (F2,82=1.33, P>0.05);
Table 7. ANCOVA of (A) Retention efficiency of nitrogen, (B) Ingestion rate of nitrogen,
(C) Retention rate of nitrogen. Habitat and Year are factors, Date and Date
2 are covariates; n=91,
r
2=0.46, 0.69 and 0.47. Conventions as Table 2.
A
df F-value P
Date 1 59.76 <0.0005
Date
2 1 56.38 <0.0005
Habitat 2 2.98 <0.06
Year 3 4.19 <0.01
(Date+Date
2×Year) 3 1.68 N.S.
(Date+Date
2×Habitat) 2 1.82 N.S.
Model 7 14.55 <0.0005
Total 90
B
df F-value P
Date 1 16.30 <0.0005
Date
2 1 15.23 <0.0005
Habitat 2 19.41 <0.0005
Year 3 10.99 <0.0005
(Date+Date
2×Year) 3 0.21 N.S.
(Date+Date
2×Habitat) 2 0.30 N.S.
Model 7 26.33 <0.0005
Total 90
C
df F-value P
Date 1 54.72 <0.0005
Date
2 1 52.18 <0.0005
Habitat 2 2.95 <0.05
(Year) 3 0.93 N.S.
(Date+Date
2×Habitat) 2 2.12 N.S.
Model 4 18.83 <0.0005
Total 90Body stores and habitat choice
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Fig. 9. Excretion rate of nitrogen in relation to ingestion rate of nitrogen (y=0.38x+3.15, n=91,
F1,84=23.32, P<0.0005). Excretion rates have been adjusted for variation among years (F3,84=6.53,
P<0.001) and habitats (F2,84=7.64, P<0.001). Slopes are similar for each of the habitats (F2,82=1.33,
P>0.05).
whereas the intercepts were different at 0.0029, 0.0027 and 0.0038 g min
-1 for managed,
abandoned and agricultural habitats, respectively (F2,84=7.64, P<0.001). Likewise there
was a year-effect. In order to have a conservative estimate for nitrogen excretion (i.e.
not too high in the agricultural habitat), the average value of 0.00315 g min
-1 was used
in further calculations.
Accumulation of body reserves
The accumulation of protein reserves, calculated from nitrogen retention, was highest
on managed islands, intermediate on abandoned islands and lowest on agricultural
fields (Fig. 10). Estimated amounts for May summed up to 125, 104 and 18 g, respec-
tively. The accumulation of fat was highest on agricultural fields (407g), intermediate
on managed islands (155g), and lowest on abandoned islands (147g).
Similarly, the size of fat reserves can be derived from AP scores. Fat levels at arrival
(observations before 5 May averaged by individual) were lowest for geese in the agri-
cultural habitat (Fig. 11). In contrast, birds in the agricultural area had achieved highest
AP’s at departure (observations after 14 May averaged). There was no significant diffe-
rence in AP between birds on managed or abandoned islands. Thus, changes in AP in
each of the habitats corresponded well with the trends in calculated amounts of fat depo-
sited. 
Reproductive success
In this analysis the aim was to determine whether reproductive success varied as a func-
tion of year, staging habitat and body condition. It is well known that reproductive suc-
cess in arctic geese varies greatly from year to year (Davies and Cooke 1983; Ebbinge
1989), and this was confirmed in this study (logistic regression, χ
2=33.92, df=6,Chapter 4
62
30 40 50 45 35
0
5
25
20
10
15
managed
date from 1 April
abandoned
agricultural
s
t
o
r
a
g
e
 
r
a
t
e
 
(
g
 
d
-
1
)
0
5
25
20
10
15
0
5
25
20
10
15 407
18
147
104
155
125
fat
protein
Fig. 10. Rate of storage of fat and protein (g d
-1) for birds staging in one of the three habitats. The
accumulated sums for each component are separately indicated.
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Fig. 11. Abdominal profile (males and females averaged) by 3-day periods for each habitat. Sample
sizes in the managed, abandoned and agricultural habitat are 4586, 2198 and 8700, including repli-
cates. Differences between habitats in AP before 5 May, and after 14 May were tested by averaging
values per individual. Differences were consistent in the four years when data were collected in each
of the habitats.Body stores and habitat choice
63
0
20
%
 
p
a
i
r
s
 
s
u
c
c
e
s
s
f
u
l
year
40
10
30
managed
abandoned
agricultural
1988 1989 1990 1991 1992 1993
Fig. 12. Probability of successfully raising at least one gosling through autumn by year and spring
habitat. The analysis is based on ringed females; age between 3 and 17 years to reduce age-effects
(see Black and Owen 1995). Number of observations per data point varied between 10 and 161;
totals per managed, abandoned and agricultural habitat were 203, 124 and 811. From 1988 through
1990 a vole plague occurred on the abandoned islands.
P<0.0005; Fig. 12). Controlling for year, pairs using different habitats did not differ in
subsequent reproductive success (χ
2=1.36, df=2, P>0.05). Reproductive success was not
related to annual mean values of AP at departure, neither for all birds (r=-0.27, n=6,
P>0.05) nor for each habitat separately. This means that overall, annual variation in
reproductive success was not affected by the body condition that geese achieved during
spring. The observations during a plague of voles Arvicola terrestris on the abandoned
islands in 1988-1990 when much of the vegetation was destroyed indicate, however,
that extremely poor food conditions in spring may affect subsequent reproductive suc-
cess.
Within any particular year, the probability of raising goslings was closely related to
AP at departure (χ
2=5.15, df=1, P<0.025). This relationship was further explored by
examining the slopes of the curves. We can imagine that an effect of body reserves on
reproductive success depends on environmental conditions during breeding, which
would mean that the relationship differed between years with low or high reproductive
success. This is not the case, however, as the slopes of reproductive success on AP are
similar in years with reproductive success above or below average (χ
2=0.54, df=1,
P>0.05). Instead, the interaction term between AP and habitat was significant (χ
2=7.39,
df=2, P<0.025), which means that the slopes differed between habitats. Testing each
habitat separately revealed a positive relationship between reproductive success and AP
for geese using managed and abandoned habitats, but not for geese in the agricultural
area (Fig. 13). In particular, geese in the agricultural habitat achieving a high AP score
suffered a depressed probability of successful breeding compared to birds in the other
habitats.Chapter 4
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Discussion
Agricultural habitats usually provide geese with a more profitable food source in com-
parison to natural habitats (Hobaugh 1985; Madsen 1985; Alisauskas et al. 1988;
Bédard and Gauthier 1989; Alisauskas and Ankney 1992; Krapu et al. 1995; Robertson
and Slack 1995). Our data support this general view as geese in this study accumulated
the largest amounts of energy reserves when staging in the agricultural habitat. However,
we found no consistent differences in reproductive success between geese that had used
agricultural or semi-natural habitats. This is surprising given the link between body con-
dition in spring and subsequent breeding performance as found in brent geese Branta b.
bernicla (Ebbinge and Spaans 1995). This paradox calls for further consideration.
Accumulation of body reserves
Among habitats, geese accumulated energy reserves at different rates because of two
main factors. Both ingestion rate and digestibility of the food were highest in the 
agricultural habitat, lowest on abandoned islands and intermediate on managed islands.
We think these results are a direct consequence of the management applied in each of
the habitats. Pastures in the agricultural areas were grazed by cattle in summer, cut for
silage and heavily fertilised. Thus, they were managed to provide a homogeneous sup-
ply of food with a high density of grasses and little dead material. Combined with the
low fibre content of the crops, this provided geese with a high-quality food supply. The
islands within the traditional range of geese that were still inhabited by people were
much less intensively used; they were grazed by sheep, and once a year grass was cut
on flat parts of the islands (‘Hay-meadows’). Likewise, Puccinellia and Agrostis,t w o
species occurring in natural vegetation zones, were highly digestible, but because of a
limited distribution these species were less important in the diet. Festuca was the staple
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Fig. 13. Probability of successful reproduction in relation to AP of females prior to migration.
Slopes of the fitted logistic curves for managed, abandoned and agricultural habitats are 0.236
(χ
2=3.63, P=0.05), 0.465 (χ
2=3.74, P=0.05), 0.039 (χ
2=0.17, P>0.05), respectively. Sample sizes for
each habitat are: 24, 93, 113, 42 and 13; 15, 24, 27, 17 and 4; 40, 55, 109, 133 and 116.Body stores and habitat choice
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food on the traditional islands but this plant was less digested than other grasses. On
abandoned islands Hay-meadows were absent, and geese were totally relying on natural
vegetation. Geese on managed and abandoned islands spent more time foraging com-
pared to birds on agricultural islands (84% vs 70% of the daylight hours: Black et al.
1991), but this was apparently not sufficient to compensate for the lower ingestion rate
and digestibility of the food.
The observation of a lower retention efficiency of nitrogen by geese in the agricul-
tural area is a surprising result. Perhaps the lower retention efficiency was caused by a
depressed digestibility of nitrogen compounds in the food, and a concomitant lower
assimilation from the gut into the blood. To test this possibility, we approximated the
nitrogen content of the faeces by analysing droppings for total nitrogen after careful
removal of the white urinary products on the distal end of the droppings (Lane 1994)
and subsequently estimating the true assimilation efficiency (sensu Karasov 1990).
These data showed no difference in true assimilation efficiency of nitrogen between the
two habitats (agricultural x=69.8; abandoned x=68.3; F1,6=0.34, P>0.05). We therefore
conclude that nitrogen was assimilated at similar efficiencies in all habitats, but that
geese on the agricultural fields excreted urinary products at a higher rate. Therefore, it
seems that geese on agricultural fields either chose not to use the assimilated nitrogen,
or they were not able to do so.
Nitrogen that is retained is used for deposition of protein tissue. The energy content
of protein tissue (5.8 kJ g
-1) is much lower than that of fat (39.3 kJ g
-1). This is caused
by the lower physiological energy content of proteins (18 kJ g
-1) and the considerable
amount of water that is associated with protein (68%, Raveling 1979; Campbell and
Leatherland 1980; Korte 1988). If it were for storage of energy alone, fat should be
deposited as the only energy store, and any protein ingested in excess to the amount nee-
ded to compensate for catabolic losses should be channelled into the carbohydrate met-
abolism after deamination (Blaxter 1989). This means that geese on the traditional
islands obviously retained the considerable amount of nitrogen for other reasons than
just preparing the most compact energy store. We infer therefore that geese in the agri-
cultural habitat were not able to produce protein tissue from the assimilated nitrogen at
the same rate as in the other habitats. Several studies have pointed to the unbalanced
composition of amino acids in plants in comparison with muscle tissue (protein), and
cystine and methionine in particular, are in short supply in vegetable matter (Van Soest
1980; Sedinger 1984; Thomas and Prevett 1980). We suggest that the grasses in our
agricultural study area (newly sown Phleum and Poa) were more unbalanced in amino
acid composition than grasses in the (semi-) natural habitats, thus causing the observed
differences in protein deposition.
This poses the question whether the differences in protein deposition rates are typi-
cal for the habitats involved. There is some evidence for this. First, low protein deposi-
tion rates were observed in other goose species feeding on agricultural crops. In some
cases this was attributed to low protein contents of the food (grains, Madsen 1985;
Alisauskas and Ankney 1992), in other cases it was attributed to imbalances in the
amino acid composition of the crops eaten (Alisauskas and Ankney 1992; McLandress
and Raveling 1981b; Alisauskas et al. 1988). Secondly, at the onset of protein deposition
 Chapter 4
66
in early spring many goose species show a shift in habitat. Usually this is from farm-
land to (semi-) natural habitats (Wypkema and Ankney 1979; McLandress and Raveling
1981b; Ebbinge et al. 1982; Boudewijn 1984; Prins and Ydenberg 1985; Vickery et al.
1995). Several explanations have been proposed to explain this phenomenon, but we
think the most satisfactory factor explaining these shifts towards natural habitat is the
need for specific nutrients (i.e. amino acids) to deposit protein stores. McKay et al.
(1994) arrived to a similar conclusion when interpreting a habitat shift by brent geese
in winter.
The total body mass gain appeared to be remarkably similar in the three habitats
(Table 8), though it should be noted that birds on the traditional islands kept up with
agricultural birds by storing more water associated with protein. Table 8 lists the litera-
ture references dealing with body mass gain rates of geese during spring migration. All
estimates we found in literature are based on samples of birds collected at successive
times in the season, which means that growth rates may have been slightly underesti-
mated (Zwarts et al. 1990). Rates of body mass gain were negatively correlated with the
(log-transformed) body mass for each species (y=1.36-1.51x, n=7, P<0.05). The body
mass gain rate of the barnacle geese in this study (average 1.24 g d
-1 100g
-1 body mass)
is within the range predicted on the basis of the regression for the other species (average
and 95% CI: 0.98±0.48).
The ratio of deposition of fat and protein is highly variable among goose species
and within seasons (Table 8). Our data are within the range found for other species. We
observed a rather constant ratio of fat to protein deposition throughout the staging
period (Fig. 10). In contrast, Sedinger et al. (1992) showed in captive black brent Branta
bernicla nigricans a decrease in the ratio through time, and in May this species deposi-
ted more protein than fat. Table 8 suggests there is a tendency that smaller goose spe-
cies deposit more protein relative to fat. This corresponds well with the compilation of
Zwarts et al. (1990) who showed that waders deposit even more protein than geese
(40% of body reserves in waders is composed of protein, or a ratio of 1.5).
Body condition and reproductive success
The relationship between body condition and reproductive success differed largely
depending on whether between-years or within-year effects are considered. Repro-
ductive success was not correlated with annual averages of fat scores at departure. This
is not surprising as weather and snow conditions at the breeding grounds are important
causes of variation in breeding success (Prop and De Vries 1993). In contrast, Ebbinge
(1989) found in brent geese a positive relationship between reproductive success and
body condition in spring when years with total reproductive failure were excluded from
the analysis (e.g. years with adverse migration conditions and high predation pressure
by arctic foxes Alopex lagopus). However, within any year we found a strong correla-
tion between fat scores at departure and subsequent reproductive success. This means
that given particular conditions during breeding, birds with largest fat reserves were at
an advantage. Madsen (1994) found a similar relationship between reproductive success
and fat reserves in pink-footed geese staging in Vesterålen, Norway, like Ebbinge and
Spaans (1995) did in spring staging brent geese.Body stores and habitat choice
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Our data show a remarkable discrepancy between habitats in the relationship
between reproductive success and fat levels. Trends were similar in managed and aban-
doned habitats, showing a strong positive relationship between the probability of suc-
cessful reproduction and AP. However, in the agricultural area the effect of body condi-
tion appeared to be almost absent; in particular birds with largest reserves had a much
lower reproductive success compared to individuals from other habitats (Fig. 13). The
agricultural habitat was recently colonised, and Black et al. (1991) have suggested that
geese in this area were initially of lower quality. However, even if this were the case
during the years of this study, we could expect a positive relationship between body
condition and reproductive success. Instead, one could argue that fat levels achieved in
spring and the probability of successful reproduction are interrelated as both parameters
may reflect the individuals’ competitive abilities. The lack of a positive relationship in
birds using the agricultural habitat could be the result of a relatively rich food supply on
the fields enabling even low competitive birds to achieve high fat levels. As an alterna-
tive explanation for the absence of a positive relationship between reproductive success
and fat levels in birds using the agricultural habitat, we suggest there might be a nutrient
limitation, which results in birds failing to benefit from large fat stores. A link with the
overall low protein stores of birds in the agricultural habitat is likely, and two mecha-
nisms are possible. We suggest that geese from the agricultural area are either falling
short in mechanical power (i.e. muscle development) and unable to carry their own fat
reserves (a deficit of structural protein), or they have insufficient non-structural protein
reserves for successful reproduction.
Table 8. Rate of body mass increase in spring staging geese. Data are expressed as daily increase 
of g (fresh) weight per day, and as a proportion of the winter body mass (from Owen 1980a).
Composition of body reserves is indicated by the ratio of fat/protein.
Species Month Habitat Gain rate, Gain rate, Fat/protein Source
g d
-1 g d
-1 100g
-1 (range)
body mass
Snow goose 5 marshes 14 0.7 0 Wypkema and Ankney 1979
A. c. caerulescens
Greater snow goose 4-5 marshes 11.5 0.4 64 Gauthier et al. 1992
A.c. atlanticus
White-fronted goose 2-3 agricultural 20.2 0.8 11.8 Krapu et al. 1995
A. albifrons frontalis
Giant Canada goose 3-4 agricultural 28.8 0.8 4.5 McLandress and Raveling 1981a
B. canadensis maxima (0.2-8.9)
Cackling goose 4 marshes 17.5 1.3 9.6 McWilliams 1993
B. c. minima
Barnacle goose 4-5 salt marshes 17 0.95 Ebbinge et al. 1991
B. leucopsis
Barnacle goose 5 managed 24.8 1.4 1.2 this study
abandoned 21.5 1.2 1.4 this study
agricultural 21.1 1.2 22.6 this study
v
Black brent 4-5 (captive) 2.0 Sedinger et al. 1992
B.b. nigricans (0.9-4.9)
Brent goose 5 salt marshes 16.5 1.3 Ebbinge 1989
B. b. berniclaChapter 4
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In early spring, barnacle geese exhibit a similar distribution in Scotland, where
about half the population concentrates on agricultural foods and the other half occurs on
traditional salt marshes (Owen et al. 1987). If excessive fat and little protein produced
sub-optimal muscle development, and if preference for agricultural food persisted from
the staging grounds in Scotland to Helgeland, we might expect that geese arriving at the
agricultural area in Norway would be in worse body condition. Indeed, the birds arri-
ving at the spring agricultural sites had the lowest AP’s (Fig. 11). This may indicate that
low levels of protein obtained on agricultural land in Scotland resulted in thinner pro-
files on arrival in Helgeland. Such a relationship might also occur on the final migration
step from Norway to the breeding grounds. Observations of birds arriving in
Spitsbergen are lacking, but data on body condition have been collected three weeks
later when birds moved to the colonies (I. Tombre, unpubl.). Birds from agricultural
habitat arrived 3 days earlier at the nest site compared to birds from semi-natural habitat
(Mann-Whitney U=3.21, n1=54, n2=126, P<0.005). At the same time, late birds arrived
in the colony in a better body condition (Tombre et al. 1996). This indicates that agri-
cultural birds had lost much of their excess body reserves before egg-laying had begun.
More work is required to understand the interrelationships between spring habitat use,
composition of body stores, migration pattern and reproduction performance.
Population and management implications
On the basis of the reproductive success of geese using different habitats, we conclude
that the agricultural habitat is not the most profitable area. Rather, it functions as a spill-
over area, being used by the rapidly growing population after the carrying capacity of
Pastures are increasingly important as foraging habitat to pre-migratory geese.Body stores and habitat choice
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the traditional range had been reached (Prop et al. 1998). This is similar to observations
on brent geese in spring by Ebbinge (1992). Ebbinge suggested that brent numbers on
salt marshes did not exceed a certain density; with a growing population surplus birds
moved to agricultural areas.
Our data indicate that the low reproductive success of birds using the agricultural
habitat relative to the amount of fat stored may be due to a nutrient limitation. It is thus
extremely important that geese preparing for migration have access to a diverse set of
food resources. Geese on the agricultural islands in Norway do to some extent have a
varied diet, by feeding on nearby salt marshes (Black et al. 1991); however, the marshes
are only narrow strips bordering the shores and are far from sufficient to accommodate
all the geese. In contrast, the low-intensity management on the traditional islands has
proven to be beneficial to geese. Geese have access to natural vegetation communities,
dominated by Festuca or Puccinellia, while the meadows developed under an extensive
management regime allow geese to gain rapidly fat and protein reserves. When people
abandon the islands the numbers of geese decline drastically (Prop et al. 1998).
Moreover, the body reserves deposited by geese appear to decline by 5 and 17% (fat and
protein, respectively). This illustrates the importance to geese of maintaining the tradi-
tional ‘crofter’s’ management.
Refuge establishment is often advocated for reducing conflicts between geese and
agricultural interests (Owen 1990; Owen and Pienkowski 1991). On the wintering
grounds such schemes have been successful in attracting and holding geese from areas
where they are not welcome (Owen et al. 1987). Although these refuges may produce
birds with large AP’s, they may not produce geese with the optimal requirements for
successful breeding. Further work on the consequences of the goose diet may therefore
be warranted. To understand the significance of specific nutrients to pre-migratory
geese, two main problems should be addressed in future work: the effects of amino acid
balance in the diet of geese on the birds’physiology; and the optimal ratio in deposition
of fat and protein reserves.
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Brent geese preparing for migration on salt marshes (lower) and pastures (upper).Chapter 5
Body stores in pre-migratory brent geese: the consequence
of habitat choice on protein deposition
Jouke Prop and Bernard Spaans 
Abstract
Worldwide millions of arctic-breeding geese winter in temperate climate zones. Increasing num-
bers of geese combined with decreasing availability of natural habitats has resulted in growing
numbers becoming reliant on agricultural crops. In spring, when the geese deposit body stores to
cover costs of migration, natural habitats seem to be preferred, and agricultural fields function
primarily as spill-over areas. We tested the hypothesis that differences in the quality of plants in
alternative habitats affected the ability of geese to deposit protein stores. We studied the dark-bel-
lied brent goose Branta bernicla bernicla in the Dutch Wadden Sea during spring staging to
investigate the effect of habitat choice on protein deposition, one of the major components of
body stores. Study sites were selected from a traditional staging area (a salt marsh) and from a
reserve managed to attract geese (an inland pasture). At both sites the deposition rate of protein
(or nitrogen) was assessed. 
Throughout spring, geese on the salt marsh experienced a decrease in digestibility of nitrogen-
compounds (protein) from 85% to 77%. Concurrently food ingestion rates increased, resulting in
an absorption rate of nitrogen that increased in April and levelled off in May. After an initial
increase, deposition rates of protein stores decreased, and progressively a larger proportion of the
food ingested was used to accumulate fat rather than protein. Individuals on the inland pasture
digested protein equally well, but they retained less of the protein ingested than birds on the salt
marsh, perhaps due to an amino acid deficiency in pasture grasses. The lower retention of pro-
tein was consistent with the observation on body mass early in spring that individuals on pastures
carried less body stores than those on salt marshes. 
Early in spring brent geese moved from pastures (their winter habitat) to salt marshes when it
became important to build up protein stores prior to migration. This habitat shift was consistent
with the more favourable retention efficiency of protein on salt marshes, which suggested that the
timing of the shift was driven by a change in nutrient requirements. The nutritional differences
in food plants found in this study may be one of the reasons why brent geese, and possibly other
high-arctic goose species, prefer natural vegetation in spring. Maintaining a healthy population
of brent geese is therefore more effectively achieved by improving foraging conditions on salt
marshes, than by creating inland reserves with intensively managed pastures. 
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Pre-migratory birds are well recognized for their ability to deposit large stores of fat and
protein (Lindström and Piersma 1993) but relatively little is known about the nutritional
demands necessary to produce these stores (Bairlein 1998). In particular the impact of
food availability on the timing and rate of protein storage is largely unexplored. This
issue is especially relevant to herbivorous migrants who are heavily constrained by the
generally low availability of protein in plants (White 1978, Robbins 1993, Sedinger
1997). In addition to the large amount of fat necessary as an energy source, stored pro-
tein is required for metabolic processes (Hanson 1962, Jenni and Jenni-Eiermann 1998)
and to support the production of eggs (Ankney and McInnes 1978). It is further incor-
porated in the flight muscles to enhance the power of flight (Lindström and Piersma
1993) or in other parts of the body that are enlarged during periods of hypertrophy (e.g.
the heart, Piersma 1998). The idea that protein is in short supply to pre-migratory her-
bivorous birds is supported by observations in barnacle geese Branta leucopsis.
Individuals that deposited much fat but little protein were less successful in subsequent
reproduction than individuals that deposited the same amount of fat but more protein
(Prop and Black 1998). This gives rise to the question as to whether protein is general-
ly limited available to herbivorous birds preparing for long-distance migration. 
There are two major nutritional factors that potentially constrain the deposition of
protein stores. First, the availability of protein in the food may be limited because only
a portion can be digested and absorbed, which largely depends on the characteristics of
the food plants (Van Soest 1982). Secondly, the amino acid composition of proteins in
the food must match the composition of the target muscle tissue (Williams et al. 1954).
The amino acid profile in the food determines therefore the suitability of that food for
conversion into protein tissue. Because there are large differences in amino acid com-
position among plant species (Thomas and Prevett 1980, Sedinger 1984, Sedinger
1997), plants differ in how suitable they are as a source to build proteins (Fisher 1972). 
Our study species, the dark-bellied brent goose Branta bernicla bernicla,d eposits
large body stores before migrating to its arctic breeding areas (Ebbinge and Spaans
1995). In winter brent geese mainly occur on inland pastures, where the high abundance
of food provides an almost unlimited supply of energy. In April, however, when the
geese start accumulating body stores, they shift to salt marshes (Ebbinge et al. 1982).
Similar abrupt shifts in habitat or food choice are commonly observed in migratory
birds (Bairlein and Gwinner 1994). Two non-mutually exclusive hypotheses could
explain these shifts. First, the shifts may be due to changes in the availability of food,
and birds select the habitat that provides the best food, or where food is most abundant,
or where disturbance is least (Boudewijn 1984,Vickery et al. 1995, Prins and Ydenberg
1985). Such a mechanism is a fundamental to theory about how organisms generally are
distributed in relation to resource availability (Sutherland 1996). Secondly, migratory
birds may shift to another habitat in response to a change in their requirements for par-
ticular nutrients when the alternative habitats provide better opportunities to satisfy their
needs (McKay et al. 1994). 
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tion has been using pasture throughout spring staging (Spaans and Postma 2001) instead
of shifting to salt marshes. Ebbinge (1992) suggested that this was due to a density
dependent regulation of the numbers on salt marshes, birds balancing the costs of in-
creasing densities with the nutritional benefits in the traditional habitat. In this view, the
abundance of food in the alternative habitat apparently outweighs the disadvantage of a
lower food quality. We tested one aspect of this hypothesis by comparing the digestibi-
lity of the food between the two habitats, and, suspecting that the habitats differed in
how well geese were able to convert food into protein stores, by comparing the availa-
bility and suitability of the protein in the food. 
More specifically, we first determined directly the weight gain of individual spring-
staging geese in the two habitats of interest to test for any differences in body stores
dynamics. We then examined if the deposition of protein stores by brent geese in each
of the habitats was limited by the availability or by the suitability of proteins ingested.
For this purpose we determined the digestibility of protein through the season as an
indicator of availability, and the proportion of protein ingested that was retained in the
body (the retention efficiency) as an indicator of suitability. If the size of the protein 
stores was limited by the intake of protein we expected invariably high retention effi-
ciencies of protein. Otherwise, we expected the efficiencies to be low or variable through
time. Actual deposition rates of protein depend on retention efficiencies in combination
with the amount of food ingested. To find when most protein stores were deposited, we
constructed a nitrogen balance for geese on salt marshes based on the amounts of nitro-
gen ingested and excreted.
Methods
During spring almost the whole population of the dark-bellied brent geese (brent geese
hereafter) resides in the Wadden Sea area. The geese rapidly build in numbers in April
to peak by the end of this month and in early May (Ebbinge et al. 1999) in preparation
for the first leg of a 4000-5000 km migration to the breeding grounds in Siberia. The
majority of the birds arrive from the wintering areas in England and France after moving
an average of 600 km. Other birds spend most of the winter on inland pastures along the
Wadden Sea coast and travel only a short distance to the spring staging grounds. In
spring the geese occur on offshore islands and along the mainland coast where both salt
marshes and inland pastures are found. Mudflats are also present but are an important
foraging habitat only in autumn. We collected observations in two study areas in the
Dutch part of the Wadden Sea, one located on the salt marshes of Schiermonnikoog, and
one on the pastures of the nature reserve Zeeburg on the island of Texel (Fig. 1). We pre-
sent additional data collected on the salt marshes of the island of Terschelling. The lat-
ter area hosts large flocks of brent geese exclusively feeding on salt marshes (Ebbinge
1992), and we here assume that the geese perform similarly to those in our study site on
Schiermonnikoog.
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To determine the mass of geese in early spring and the rate of change through the sea-
son, geese were caught with cannon nets on Texel and on Terschelling. Catching times
were at the arrival of peak numbers (the end of April - early May), and close to depar-
ture by the geese at the end of May. Birds were weighed to the nearest 10 g, and as
measures of structural body size the head length (the distance from the tip of the bill to
the back of the head) and the wing length (from the elbow joint to the distal end of the
longest primary) were measured to the nearest 1 mm. We used Principal Components
Analyses to examine the correlation matrix of wing length and head length, and used
the first principal component as our index of structural body size (Reyment et al. 1984).
We then indexed body stores by taking the residuals of the regression of body mass
against body size (Piersma and Davidson 1991).
Collection of food and droppings
Digestibility of food was determined by comparing the composition of droppings and
corresponding food plants. Food plants known to be important to the geese (Prop and
Deerenberg 1991) were sampled by hand, taking care to collect only the green parts that
are grazed by the geese. Samples of 25 droppings were collected regularly throughout
the staging period by recording flock movements from an observation tower, and sub-
sequently recovering the fresh droppings produced. Dropping samples were underre-
presented early in the season because the brent geese on Schiermonnikoog usually
mixed with barnacle geese, so that identifying the droppings by species was difficult.
Samples of plants and droppings were oven-dried at 45ºC to constant weight, and sub-
sequently weighed. To determine the diet composition, plant fragments in the dropping
samples were microscopically analysed as described by Prop and Deerenberg (1991).
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Texel
Terschelling
Schiermonnikoog
Fig. 1. The dutch part of the Wadden Sea with the islands Texel, Terschelling and Schiermonnikoog.
The circles mark the main staging areas of brent geese in May (light=birds on pastures, dark=on salt
marshes, after Koffijberg et al. 1997). The size of the largest circle represent an average of 30000 birds.Chemical analyses
Food and droppings were ground through a 1 mm sieve and analysed for total nitrogen
(Kjeldahl), cell wall components (neutral detergent fibre NDF, and acid detergent fibre
ADF; Goering and Van Soest 1970) and ash. Most of the nitrogen in plants is associa-
ted with proteins, and we calculated (crude) protein from total nitrogen using a multi-
plier of 6.25 (Robbins 1993). Avian droppings contain nitrogen originating from the fae-
ces (mainly undigested proteins) and nitrogen from urinary waste products (mainly uric
acid, Robbins 1993, Fox and Kahlert 1999). To distinguish between these two fractions
(N and E,r espectively, in Fig. 2), we determined the content of the uric nitrogen follo-
wing Terpstra and De Hart (1974). 
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R=A-E
N
A
E
N
Fig. 2. Schematic representation of the pathways of protein. Proteins in the food are digested and
assimilated (A), or remain undigested (N). Droppings contain both the excretion products of proteins
(E) and undigested proteins (N). The amount of proteins retained in the body (R) can be estimated
from the rates of nitrogen assimilated and excreted.
Calculations
The digestibility of organic matter (%) was calculated as:
where CFom and CDom are the concentrations of organic matter in the dry mass of food
and droppings, respectively, and R is the ratio of the ADF content in the food and drop-
pings, using ADF as a natural marker substance (Prop and Vulink 1992). The chemical
composition of the food corresponding to each of the samples of droppings was calcu-
lated on the basis of seasonal trends of the chemical components in separate food spe-
cies, in combination with the diet composition (Prop and Deerenberg 1991). 
By distinguishing between the two pathways that proteins follow through the intes-
tinal tract and body (Fig. 2), we were able to calculate (1) the digestibility of protein,
and (2) the retention efficiency of protein. The digestibility of protein Dprotein describes
what percentage of protein in the food is absorbed (A divided by A+N in Fig. 2), which
we approximated by substituting CFom and CDom of the formula above with the concen-
tration of nitrogen in food and droppings (excluding urinary nitrogen). The retention
Dom = CFom -(CDom ×R)
CFom
×100,efficiency of protein describes what percentage of the protein ingested is retained in the
body (R divided by A+N in Fig. 2), which is approximated by substituting the concen-
trations of nitrogen in food and droppings (including urinary nitrogen) in the formula
above. The retention efficiency is negative when the amount of nitrogen excreted is lar-
ger than the ingested amount (E+N >A+N in Fig. 2). The digestibility of protein defined
above is an alias for ‘true assimilation efficiency of nitrogen’(Karasov 1990), and the re-
tention efficiency of protein is also called ‘apparent assimilation efficiency of nitrogen’. 
The ingestion rate of organic matter (g min
-1) was calculated from each of the drop-
ping samples as IR=(W/I)×(100/(100-Dom)),w here W= the average dropping weight
(g ash-free), I= the dropping interval (min) derived from the regression of intervals 
by date. Dropping intervals were determined by following random individuals using 
a telescope and recording the timing of two successive droppings. The ingestion rate 
of nitrogen (g min
-1) was calculated as IRN=IR×(CFN /100),w here CFN is the nitrogen 
content of the food. The absorption rate of nitrogen (g min
-1) was calculated as 
AbsN =IR N ×(Dprotein /100). The excretion rate of urinary nitrogen (g min
-1) was calcula-
ted as ExcN =(W/I)×(CDuric /100),w here CDuric is the concentration of the excretion pro-
ducts in the droppings. The retention rate of nitrogen (g min
-1) was calculated as
RetN=AbsN-ExcN. All dates are expressed as the number of days since 1 April.
Results
Body stores in two habitats
Geese on salt marshes were on average 1.3% larger than individuals on pastures (first
principal component F1,527=38.97, P<0.0005). Body mass corrected for structural size
did not differ between males and females (Table 1), and data were pooled in further ana-
lysis. The geese increased in body mass through May at a rate of on average 11.8 g day
-1
(Fig. 3). The significant interaction term between date and habitat (Table 1) modulated
the general pattern as follows: birds on pastures had the lowest initial body stores, subse-
quently they showed the largest rate of increase, and at the end of May the body stores
of geese on pastures were larger in comparison with geese on salt marshes.
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Table 1. Analysis of variance of body stores (residuals of the regression of body mass on structural
size). The non-significant parameter is not included in the final model. Habitat= pasture or salt marsh.
parameter df F-value P
date 1 390.44 <0.0005
habitat 1 10.87 0.001
date×habitat 1 22.26 <0.0005
year 2 10.38 <0.0005
(sex) 1 0.31 n.s.
model 5 89.54 <0.0005
total 529Protein stores in brent geese
77
A
25
20
30
40
50
35
45
55
d
i
g
e
s
t
i
b
i
l
i
t
y
 
o
f
 
o
r
g
a
n
i
c
 
m
a
t
t
e
r
 
(
%
)
42 44 46 48 50 52 54 56
NDF in food (% organic matter)
B
25
20
30
40
50
35
45
55
01 02 03 04 05 0 6 0
date from 1 April
pasture
salt marsh
Fig. 4. A. Digestibility of organic matter through spring for brent geese on salt marshes (closed cir-
cles) and on pastures (open circles) (for the pooled data y=44.87-0.25x, F1,53=20.56, P<0.0005). 
B. Digestibility of organic matter in relation to the NDF content of the food (y=85.80-1.02x,
F1,53=13.47, P<0.001, with similar slopes for salt marsh and pastures, F1,51=0.97, N.S.).
-200
-100
200
0
100
r
e
s
i
d
u
a
l
 
b
o
d
y
 
m
a
s
s
 
(
g
)
35 30 40 50 45 55
date from 1 April
pasture
salt marsh
Fig. 3. Body stores (residuals of the regression of body mass on structural size, average±SE) from
the end of April onwards for geese foraging on salt marshes or on pastures. Data are adjusted for
differences among years based on the model in Table 1. The slopes of the regressions estimate the
daily increase in body mass, 8.9 (SE 0.6, n=300) and 14.6 (SE 1.04, n=230) g day
-1 for salt marshes
and pastures, respectively. The 95% confidence intervals of the regressions are given.Use of protein in two habitats
The digestibility of organic matter decreased over time (Fig. 4A). There was a tenden-
cy for geese to digest salt-marsh plants better than pasture grasses (F1,52=2.09, P=0.15).
The variation of organic matter digestibility, both in time and between habitats, was cor-
related with the proportion of cell wall components in the food (Fig. 4B). 
Similarly the digestibility of protein specifically decreased through spring (Fig. 5A,
F1,52=25.12, P<0.0005), which was associated with a decrease in protein concentrations
in salt-marsh plants, though not in pasture plants (Fig. 6). Geese on pastures tended to
digest protein better than those on salt marshes (F1,52=3.61, P=0.06). 
In early April, birds foraging on pastures experienced a lower retention efficiency
of protein than birds on salt marshes (Fig. 5B; the intercepts of the regressions of reten-
tion by date differed between the habitats, F1,51=6.23, P<0.05). The retention efficiency
of protein dropped rapidly through spring, and the decrease was stronger on salt mar-
shes than on pastures (given the significant interaction term of date by habitat,
F1,51=4.03, P=0.05). As a consequence, the initial difference in retention efficiency
between the habitats disappeared in May. 
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Fig. 5. Digestibility of protein (A) and retention efficiency of protein (B) throughout the staging
period. The means (±SE) for brent geese on salt marshes and on pastures are given. The majority of
the birds arrive mid-April and depart 20-25 May.Nitrogen balance on salt marshes
On salt marshes the ingestion rate of food increased through spring (y=0.200+0.0173x
in g min
-1, F1,45=10.74, n=47, P=0.002,), which was associated with an increase in drop-
ping weights (y=0.760+0.0066x in g, F1,45=18.31, n=47, P<0.0005), and almost constant
dropping intervals (y=4.03+0.0054x in min, F1,95=0.85, n=96, N.S.). The absorption rate
of nitrogen showed a quadratic relationship with date (Fig. 7A) with highest values
during the first ten days of May. The excretion rate of urinary nitrogen was positively
related to the absorption rate (y=3.76+0.379x, F1,45=15.7, P<0.0005 ). The residuals of
this relationship showed a strong increase through time (Fig. 7B). This means that at a
same absorption rate of nitrogen, geese progressively excreted a larger amount of nitro-
gen. As a consequence of the increase of nitrogen excretion rate, the nitrogen retention
rate dropped from an average of 4 mg of nitrogen per min in April to values close to 0
at the end of the staging period (Fig. 7C). The peak in retention rates in late April - early
May was therefore much earlier than the period of highest absorption, and most protein
stores were therefore deposited during the early part of the staging period.
Discussion
Use of proteins
Animals with simple digestive systems are able to digest proteins well (Karasov 1990)
and the invariably high digestibility in brent geese (>75%) was therefore expected. The
proportion of protein that was retained in the body was similarly high, though much
more variable through time. Comparisons with other studies suggest that spring staging
brent geese are leading edge of what these birds can achieve in retaining 40% of the pro-
tein ingested into body tissue (Fig. 5). For example, even though pre-fledging waterfowl
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Fig. 6. Protein concentration in the food (% of ash-free dry weight) for brent geese on pastures
(F1,19=0.00, N.S.) and on salt marshes (y=34.8-0.147x, F1,49=29.90, P<0.0005). Concentrations are
calculated from the protein in food plants weighted by the importance in the diet (Prop and
Deerenberg 1991).can be assumed to develop body tissue at maximal efficiencies (Fisher 1972), they
nevertheless retained food protein with an average efficiency of only 40.3% (Sedinger
1992, selecting studies based on carcass analysis from his Table 4-2). Similarly, the effi-
ciency of protein retention in growing chickens feeding on different kinds of vegetable
food was 41.5% (Fisher 1972). Adult greylag geese retained 37.6% of the protein inges-
ted during the wing moult when the birds were in nutritional stress (Fox and Kahlert
1999). The maximal values of the retention efficiency and the digestibility of protein in
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Fig. 7. The use of nitrogen by brent geese on salt marshes through spring. A. Nitrogen absorption
rate (y=5.47+0.27x -0.0036x
2, F2,44=3.70, P<0.05). B. Residuals from the regression of nitrogen
excretion rates against the absorption rates of nitrogen (F1,45=39.85, P<0.0005). C. Nitrogen reten-
tion rates (y=1.50+0.155x -0.0033x
2, F2,44=7.28, P=0.002).early April (50% and 85%, respectively) indicate that 50/0.85 =59% of the absorbed
protein was actually retained, which is also close to maximal values observed in young,
growing birds (maximally 68%, Sedinger 1984).
During the second half of the staging period the retention efficiency of protein
decreased steeply, while the amount of nitrogen excreted progressively increased. By
comparing Fig. 5A and 5B we conclude that a lower digestibility of protein attributed
only little to the decline in retention efficiency. Similarly it is unlikely that the decline
in retention efficiency was caused by a lowered suitability of proteins ingested because
the diet composition through the season was relatively constant (Prop and Deerenberg
1991) and the composition of amino acids within plant species is stable (Sedinger
1984). In birds generally, protein ingested in excess of the nitrogen requirements is cata-
bolized, the overload of nitrogen is excreted and the remaining carbon chains are used
as an energy source (Mitchell 1962, Fisher 1972) or as a substrate for fatty acid syn-
thesis (Klasing 1998). We suspect brent geese followed the same pathway. In conclu-
sion, during the early part of spring staging, brent geese retained protein at maximal
efficiencies, whereas later in May the geese progressively used proteins ingested for
other metabolic processes as discussed below.
Deposition of protein stores through spring
Early in spring the geese were ineffective in depositing body stores (Fig. 8), mainly due
to a low intake rate as a result of low food availability (Prop and Deerenberg 1991).
Deposition rates of body stores (fat and protein together) peak in early May, and from
then onwards, rates stabilize or slightly decrease (Ebbinge 1989, Prop and Deerenberg
1991). By comparing the pattern of deposition of total body stores with the deposition
of protein we conclude that arriving brent geese start depositing protein stores on the
salt marshes, whereas during the second half of the staging period, they preponderantly
deposit fat (Fig. 7). Indeed most birds arrive when conditions to deposit protein stores
are improving. We interpret this finding as evidence that the geese adjust their migra-
tion schedule to the local food conditions (the ‘Green wave hypothesis’, Drent et al.
1978). 
Our study agrees with previous work on geese and waders which suggested that pre-
migratory birds first deposit protein and later mainly fat (McLandress and Raveling
1981b, Korte 1988,Alisauskas and Ankney 1992, Gauthier et al. 1992, Battley and Piers-
ma 1997). In some other species protein deposition seems to be extended for a longer
part of the staging period (Piersma and Jukema 1990, Clausen et al. 2003) but this may
be an artefact of the method followed (Lindström and Piersma 1993). Most of the pre-
vious studies were based on carcass analyses, and determined protein deposition from
time series of fat-free body mass of samples of birds collected through time. Our approach
of constructing a nutrient balance has the advantage that it avoids the pitfalls associated
with the carcass-collection-method (Lindström and Piersma 1993), and that no speci-
mens of the study species have to be collected. 
We can speculate why birds preparing for a long distance migration should aim to de-
posit fat and protein at different times, rather than depositing both in a fixed proportion.
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For herbivores generally, it might be more efficient to deposit protein stores when the
food contains most protein, i.e. early in the season, but this is unlikely to be a full expla-
nation because waders, which depend on protein-rich food throughout the pre-migration
period, exhibit the same pattern of deposition of body stores. Much of the protein depo-
sited by geese is invested in breast and leg muscles (Gauthier et al. 1992), and promo-
tes therefore both walking (essential for foraging) and flying. Carrying large fat depo-
sits is known to enhance the risk of predation (Lima 1986), and building stronger flight
muscles might therefore be anticipatory to the large fat stores deposited later in the
season.
Habitat shift by changing requirements?
Assuming geese select the habitat that provides them with the best opportunities for
foraging, the decision to move from pastures to salt marshes must result from balancing
food quality (Boudewijn 1984) and food availability (Vickery et al. 1995) in the two
habitats. However it seems unlikely that these factors alone were responsible for the
shift observed because 1) the trends in food quality ran parallel in the two habitats (Fig.
6), and 2) food available was constant or increased only slightly on salt marshes (Prop
and Deerenberg 1991) but increased rapidly on pastures (unpublished JP, Spaans and
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Fig. 8. Index of numbers of brent geese through spring staging on pastures and salt marshes (upper
panel), based on counts in 1984-2000 on the salt marshes of Schiermonnikoog (left) and the pastures
of Texel (right). Birds on the salt marsh in spring had wintered either on nearby pastures or on southern
wintering sites; geese on the pastures of Texel arrived in the preceding months from the South. The
lower panel gives the hypothetical deposition rates (g day
-1) of fat and protein stores for birds on salt
marshes and on pastures. Patterns in deposition rate of protein are derived from this study, and of fat
are after Prop and Deerenberg (1991).Protein stores in brent geese
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Postma 2001). Instead we suggest that the shift in habitat was driven by a change in
needs for nutrients because the shift coincided with the onset of deposition of protein
stores. From a post-winter energy limited metabolism, which in waterfowl in general is
best satisfied by foraging on agricultural pastures (Bruinzeel et al. 1997), the deposition
of stores urged the birds to change foraging goal by maximizing protein retention. Shifts
in habitat or diet resulting from changes in nutrient requirements are common in passe-
rine birds (Bairlein and Gwinner 1994) but are much less recognized in waterfowl spe-
cies (but McKay et al. 1994). A change in nutrient needs as a main factor to explain the
habitat shift in brent geese is also consistent with a similar shift in habitat by barnacle
geese in our study area (Prins and Ydenberg 1985). Barnacle geese shift 6 weeks earlier
than brent, and their migration is similarly earlier. Assuming the two species are affec-
ted in the same way by human disturbance, this also disqualifies disturbance (Bos and
Stahl 2002) as a main cause for the habitat shift. 
Our study provides evidence that it is necessary to account for differences in suita-
bility of proteins when explaining habitat preference in waterfowl; although the protein
content in pasture grasses was invariably higher than in salt marsh plants (39 and 31%
in April, respectively), the actual percentage of protein retained per g food ingested was
considerably higher on salt marshes than on pastures (averaged at 12 and 8% in April,
respectively). 
Geese on pastures deposit less protein stores
Brent geese that did not shift to salt marshes but continued foraging on pastures expe-
rienced a lower retention efficiency of protein compared to individuals that did make
this shift (Fig. 5). In theory, the lower retention efficiency in pasture birds in April could
have resulted from a lower requirement for protein if these birds had already deposited
protein earlier in the season. However, foraging activities in brent geese in March are
low and coincide with a decline in body mass (Ebbinge 1989), which indicates that
brent geese do not start depositing body stores before April. Moreover, our data on body
stores in early May indicate that birds on pastures were lighter than birds on salt mar-
shes (Fig. 3). Although it was not possible to discriminate between stores of fat and of
protein on the basis of body mass alone, the data clearly suggest that pasture birds were
less advanced in depositing body stores than individuals on salt marshes. 
Alternatively, the difference in retention efficiency of protein could be caused by a
lower availability of proteins in pasture grasses. The reverse appeared to be the case,
however, because the digestibility of protein tended to be higher on pastures than on salt
marshes (Fig. 5A). As a most likely explanation for the difference in retention efficiency
of protein between the habitats, we suggest that the amino-acid composition in pasture
grasses was less balanced relative to the nutritional needs of the geese. Our observations
on brent geese are in line with the performance of pre-migratory barnacle geese staging
in Norway, in which individuals using pastures exhibited a lower retention efficiency of
protein than birds on salt marshes (Prop and Black 1998). 
The lower retention efficiency of protein by brent geese on pastures could theoreti-
cally have been compensated for by a higher rate of food intake. We did not measureChapter 5
intake rates on pastures ourselves and to reconstruct the nitrogen balance of geese on pas-
tures we can use ingestion rates collected on captive brent geese on the same pastures
of this study by Bos et al. (2002b). These birds achieved maximal ingestion rates of 12.8
mg nitrogen per min (Bos et al. 2002b, intake rates converted into ingestion rates by
adjusting for the proportion of time feeding). This is slightly higher than the ingestion
rate of 12.0 mg nitrogen per min of birds feeding on salt marshes, as found in this study
but probably exaggerates ingestion rates of the wild birds as the experiments were car-
ried out on temporarily ungrazed swards with a high availability of grasses. The com-
parison suggests little difference in nitrogen ingestion rates between geese on salt mars-
hes and on pastures, and, as a consequence of the lower retention efficiency of protein,
we expect that the amount of protein retained was lower in pasture feeding birds. This
supports our main conclusion that birds foraging on pasture deposited less protein sto-
res than birds on salt marshes. 
Individuals observed on pastures in spring did not differ in subsequent reproductive
success from those exploiting salt marshes (Spaans and Postma 2001). Although diffe-
rences in survival rate or lifetime reproductive success have not been checked for, this
suggests that there were no fitness consequences for geese using pastures. Does this
mean that the smaller protein store of pasture birds was unimportant for completing a
successful migration? Instead we suggest that birds can compensate for smaller protein
stores in several ways: (i) by additional feeding on the mudflats, where the birds spend
the night, for example on algae which is a potentially important food plant (Ebbinge et
al. 1999), (ii) by extending the period of depositing protein stores towards the end of the
staging period (Fig. 5), (iii) by adopting a different migration strategy and refuelling
protein on their way to the breeding grounds (Jenni and Jenni-Eiermann 1998, Green et
al. 2002); or (iv) the brent geese could have benefited from the high concentration of
metabolizable energy in pasture grasses by depositing a larger amount of fat, as barna-
cle geese on pastures do (Prop and Black 1998). That brent geese on pastures do bene-
fit from the high metabolizable energy content in their food is supported by the higher
deposition rate of the total body stores (Fig. 3). 
Management implications
An important suggestion arising from this study is that the difference in nutritional
value of the food on pastures and salt marshes has repercussions for the size and com-
position of body stores that the geese accumulate. On the basis of historical data of
goose abundance in different habitats, Ebbinge (1992) concluded that spring-staging
brent geese preferred salt marshes above pastures. Ebbinge suggested that individuals
that were out-competed on salt marshes moved to pastures as a second choice habitat.
Our observation that geese on pastures are smaller than individuals on salt marshes 
is consistent with this hypothesis. Although brent geese using pastures may have seve-
ral mechanisms to compensate for less favourable conditions to accumulate protein 
stores, we suggest that the nutritional asymmetries between pastures and salt marshes
are a potential factor determining the preference by spring-staging brent geese for salt 
marshes. 
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Refuge establishment is often advocated to reduce conflicts between geese and agri-
cultural interests (Owen 1990, McKay et al. 2001). Similarly, the Zeeburg reserve on
Texel, where we conducted part of our study, was created with this objective in mind
(Spaans and Postma 2001). Usually it is more practical to create a refuge inland by pro-
viding intensively farmed grassland, because the opportunities to establish new reserves
on salt marshes are more restricted. In the case of the brent geese, the creation of reser-
ves becomes urgent as the number of suitable salt marshes has declined during the past
few decades due to embanking projects or changes in management which resulted in a
vegetation unattractive to geese (Ganter et al. 1997, Prop et al. 1998, Bos et al. 2002a).
Establishing inland refuges may be inappropriate however if the main aim of doing so
is to provide pre-migratory brent geese, and possibly other goose species (Prop and
Black 1998), with the nutrients they require for accumulating body stores necessary for
migration. An important goal in providing suitable refuges along the migration route
(Van Nugteren 1997) could therefore be to improve foraging conditions on salt marshes
by judicious grazing regimes using domestic herbivores. 
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Spring staging in brent geese Branta bernicla:
feeding constraints and the impact of diet on the 
accumulation of body reserves
Jouke Prop and Charlotte Deerenberg
Abstract
This study aimed to understand the effect of social dominance on asymmetries in food selection
among individuals in brent goose Branta bernicla flocks, and to assess the consequences of fora-
ging performance on the deposition of body stores. Puccinellia maritima was the principal food
species, while Plantago maritima and Triglochin maritima were less commonly taken. Festuca
rubra acted only as a substitute for Puccinellia when production of the latter species dropped.
The metabolizable energy of the food plants ranged from 5-11 kJ g
-1. By assessing the ingestion
rates of geese feeding on different food species, the net intake rate could be derived. Plantago
and Triglochin appeared to be the most profitable plants to eat. The proportion of these species
in the diet was restricted by (1) the capacity of the alimentary tract, since high intake rates com-
bined with high water contents of the food plants easily led to over-fill; and (2) the limited dis-
tribution of these plants, in combination with their rapid depletion by geese. These latter factors
led to large asymmetries in food intake among individual geese. Most Plantago and Triglochin
was obtained by dominant pairs within the flocks. The high quality of Puccinellia allowed geese
to gain mass in spring. But the metabolizable energy of this grass species declined during the sta-
ging period, and Plantago and Triglochin increased in importance to build body stores from. The
timing of the onset of spring growth of the various food species differed between years, and plant
phenology appeared to have a profound effect on the final body stores of the geese.
Published in Oecologia 87: 19-28 (1991) ©
87Introduction
Prior to migrating to their summer ranges, arctic-breeding geese have to deposit a large
amount of body stores (Newton 1977). Conditions for this are favourable in spring due
to the increasing day length and the onset of plant growth. Nevertheless, some indivi-
dual geese fail to build up sufficient stores. Thus, Ebbinge et al. (1982) showed that the
dark-bellied brent geese Branta bernicla bernicla which had lowest body mass in the
spring returned without offspring to the wintering area in the following autumn, and
they suggested a link between the body condition attained in spring and subsequent
breeding performance. Likewise, in barnacle geese Branta leucopsis individuals ranking
lowest in condition at the moment of departure to the breeding grounds failed to incu-
bate successfully (Prop and Black 1998). Although the deposition of a large amount of
body stores in spring is by no means a guarantee of successful reproduction, neverthe-
less it is probably a prerequisite (see discussion in De Boer and Drent 1989). 
This study was undertaken to examine how the accumulation of body stores by
geese in spring is affected by the feeding conditions. In a number of studies on geese
the importance of high quality food in the spring has been stressed (Wypkema and Ank-
ney 1979, McLandress and Raveling 1981b,Ydenberg and Prins 1981, Thomas and Pre-
vett 1982, Thomas 1983, Boudewijn 1984), but an approach integrating food quality
with intake rate has been beyond reach until now. In order to fill this gap, data were col-
lected on dark-bellied brent geese during the spring staging period in the Dutch Wadden
Sea, when most of the geese rely on natural salt marshes to feed. The problems addres-
sed are: (1) which factors determine the diet composition and food intake rate of brent
geese, and (2) what are the repercussions of diet composition and daily food intake on the
mass gain of the geese?
The study area
The study was conducted in the springs of 1985 and 1986 on Schiermonnikoog
(53º30'N 6º15'E), one of the Frisian Wadden Sea islands in The Netherlands. The study
area was located on the salt marshes of the eastern part of the island (about 100 ha)
where between 800 and 1500 dark-bellied brent geese (brent geese hereafter) occurred
from end of March onwards. By the end of May they leave the island for the journey to
their Siberian breeding grounds.
Three major vegetation types were distinguished, each with its typical food species:
• Areas dominated by Puccinellia maritima,c overing the lower parts of the salt marsh,
which are inundated in spring up to 6 times per month.
• The higher marsh, dominated by Festuca rubra, and reached by seawater only during
extreme high tides.
• The Plantago-areas, where slight height differences cause a mosaic pattern of higher
‘islands’of several square meters covered by Festuca rubra,s eparated by depressions
with a sparse vegetation of Puccinellia maritima. In the transition zone between the
two grass species, two important food plants occur, the dicot Plantago maritima and
the graminoid Triglochin maritima. The zones vary in width from several cm to more
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polium and Spergularia maritima.
Methods
Diet
The diet composition of the brent geese was examined by faecal analysis. For this pur-
pose, fresh dropping samples were collected at intervals of no more than three days.
Droppings were taken from all vegetation types that had been grazed that day. Only
droppings that originated from the sampled vegetation type were collected. These were
identified by using continuous recordings of the distribution of the geese from observa-
tion towers, and by allowing for a throughput time of about 1.5 hours. In addition to the
standard collection procedure, special care was taken to recover the droppings of indi-
vidually marked geese.
Droppings were oven-dried at 45 ºC. At least five droppings per sample, and all drop-
pings from marked individuals, were microscopically analyzed following a technique
described by Owen (1973), but modified as follows: each separate dropping was ground
in an electric blender; the microscopical preparations were non-permanently mounted
in water, and were systematically sampled every 5 mm, along transects 5 mm apart, at
a magnification of 400x. Identification of the fragments was based on the specific struc-
ture of the epidermal cells. The food species constituted two classes according to leaf
weight per area: low in Puccinellia and Festuca with 0.055 and 0.038 mg mm
-2 respec-
tively, and high in Plantago and Triglochin with 0.081 and 0.072 mg mm
-2. Since the
aim of the microscopical analysis was to estimate the contribution of each food species
to the diet on the basis of its dry weight, the scores of the latter species were weighted
by a factor of 1.5x. Samples were grouped in 5-day periods to calculate the average diet
composition for each vegetation type (i). To construct the mean diet, these samples were
weighted by the dropping density (Di) and the total area of each vegetation type (Ai):
where %S is the weighted percentage of species S, based on the separate percentages Si.
Dropping densities were recorded by daily counting, and subsequently removing drop-
pings in at least 10 circular plots (4 m
2) per vegetation type. Vegetation maps were de-
rived from aerial false colour photographs (scale 1:4000).
Production and consumption of food species
The methods of measuring production and utilization of plants have been described by
Prop (1991), and are summarized here. In all vegetation types distinguished, sampling
sites were selected. At each site 12 plots (20×20 cm or 20×40 cm) were marked with
small sticks, and within each plot 12 tillers (Festuca or Puccinellia), or 50 rosettes
(Plantago), or 12 shoots (Triglochin) were inconspicuously marked. Some of the plots
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%S = ∑[((Di ×Ai) ∑(Di ×Ai))×%Si],
i=1
3 3
i=1were temporarily exclosed with coarse mesh wire in order to measure the growth of the
plants. At intervals of between 1 and 4 days the marked plants were examined to record
the length of each leaf, the status of each leaf (grazed or not, green or brown), the length
of the stem internodes, and the number of daughter tillers (in grasses). For each sam-
pling period these records provide the total leaf extension per plant (tiller, rosette or
shoot), the total length of leaf removed per plant by grazing, and the total length of leaf
that had died. In addition, 40 plots (20 ×40 cm) covered by Puccinellia, Plantago or
Triglochin were marked, and these were photographed with a stereo camera at least
once every 4 days, and on some occasions twice in one day (before and after a visit by
a goose flock). Two sets of successive photographs (scale 1:1.3) were compared using
a stereo-scope, and the analysis revealed the total number and size of blades that had
been removed in the intervening period. All measurements of length of the food plants
were converted to weights by using calibration curves based on the relationship between
length and weight of leaf blades.
Food intake rates
We used observation towers to follow the geese daily from dawn to dusk. In 1985, the
passage of goose flocks through sampling sites was recorded on 16-mm film, and sub-
sequently examined on a motion analyzer. The small sticks marking the photographed
plots were visible, and the number of seconds which consecutive geese spent grazing
therein was determined. The average gross food intake rate (GIR) of the geese was cal-
culated as the quotient of the amount of removed plant material (see previous section)
and the cumulative grazing time.
The Festuca vegetation was too dense, and the leaves were too long, to take usable
stereo-photographs, so the GIR of geese feeding on Festuca had to be derived in a dif-
ferent way. The technique used was to combine observations on pecking rates (P, in n
min
-1) of geese feeding on Festuca, the number of blades taken per bite (N), the length
per blade grazed (L, in mm), and the length-weight ratio (W, in g mm
-1), where the GIR
(g min
-1) = P×N×L×W. The number of bites per peck was assessed by close inspec-
tion of the sward, which allowed the detection of separate fresh ‘bite-sites’. The average
blade length removed was derived from the measurements on marked tillers (see above).
Pecking rates during feeding were determined by recording the time required for 50
pecks for a large number of randomly selected individuals.
Chemical composition and digestibility of the food
Samples of the food species were picked by hand, taking care to sample only the rele-
vant parts. Plant material was sorted by species, the dead parts were removed, and the
remaining green parts were weighed. Thereafter, plants were oven-dried at 45 ºC to con-
stant weight, which gave the water content of the material.
Droppings and plants were finely ground (1 mm sieve). The chemical analyses
comprised ash, sand, Kjeldahl-nitrogen, and cell-wall components (neutral detergent
fibre (NDF), acid detergent fibre (ADF) and lignin, Van Soest and Wine 1967).
Hemicellulose was obtained by the difference between NDF and ADF. Additionally,
Chapter 6
90droppings were analyzed for precipitable nitrogen following the method of Terpstra and
De Hart (1974) to differentiate between nitrogen of urinary and of faecal origin. The
protein content in the food was estimated as 6.25×Kjeldahl-nitrogen. No fat analysis
was carried out, and a constant value of 5% for all plant species was assumed (Owen
1976, Lichtenbelt 1981, Thomas and Prevett 1982, Sedinger and Raveling 1984). Soluble
carbohydrate content was calculated as 100% - protein% - NDF% - fat%.
The (apparent) digestibility of component i in the food (%) was calculated by the
following equation:
Di = 100-(Fm /Dm)×(Di /Fi)×100,
where Fm and Dm are the percentages of the marker in the food and the droppings respec-
tively. Fi and Di are the percentages of component i in the food and in the droppings,
excluding the matter of urinary origin. All measures are on organic matter basis. ADF
was used as the marker, since it appeared to be the most reliable in our area (Prop and
Vulink 1992). Digestibility of fat was set at 27.3%, based on the results of feeding trials
with barnacle geese (Lichtenbelt 1981), which is in agreement with Marriott and Forbes
(1970) and their 26.3% fat- (ether extract) digestibility in Cape Barren goose Cereopsis
novaehollandiae. The metabolizable energy of a food species (ME, kJ g
-1) was obtained
by:
where the energy value for plant component i (Ei) was taken from Schmidt-Nielsen
(1975): fat 39.3 kJ g
-1,p rotein 17.8 kJ g
-1, structural and soluble carbohydrates 17.6 kJ g
-1.
A set of 55 samples of foods and corresponding droppings were analyzed. This
number was not sufficient to calculate the digestibility of plant components at any
moment in the spring independently, and therefore we used regressions based on the
collected data (see Fig. 1).
Energy intake and mass change
The mass change of the geese (g day
-1) was obtained by dividing the productive energy
(PE, kJ day
-1) by the energy required per g mass change. The productive energy was cal-
culated as the difference between the Net energy intake (NEI, kJ day
-1) and the Daily
existence energy (DEE, kJ day
-1). The NEI was calculated as the product of the feeding
time (min day
-1) and the Net energy intake rate (NIR, kJ min
-1). 
Feeding time. The timing of the movements of brent goose flocks between the feeding
grounds on the salt marsh and the roosting sites on the mudflats was closely related to
sunrise and sunset (in agreement with Ebbinge 1979). When low tide coincided with the
hours around noon, especially, the geese left the salt marsh then for about one hour to
rest on the mudflats. On average 89% of the time on the salt marsh was spent feeding
(based on 960 min of time-budgets).
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ME = ∑(Fi ×Di ×Ei),
i=1
4Net energy intake rate. The net energy intake rate (NIR) was calculated by using the for-
mula:
where Ti=the time spent feeding on plant species i (%), based on the proportion of the
species in the diet and its GIR, GIRi=the gross intake rate when feeding on plant spe-
cies i (g min
-1), MEi=the metabolizable energy of plant species i; the plant species sum-
med are Puccinellia, Festuca, Plantago and Triglochin.
Daily existence energy. The DEE of brent geese has been found empirically to amount
to 837 kJ.day
-1 (Drent et al. 1978), or, expressed in terms of metabolic mass: 674 ×
Mass
0.74 (Boudewijn 1984). The mass changes of brent geese in spring have been docu-
mented by Ebbinge (1989), and this allows an adjustment of the expected DEE for the
date in question to be made. The precise relationship between the DEE of brent geese
and the ambient temperature is not known, and therefore we made no corrections for air
temperature.
Cost of mass change. The energy required for a 1 g mass gain was reconstructed from
data on carcass analysis in Korte (1988). The 400 g mass gain of brent geese in spring
appears to be composed of 150 g of protein and 250 g of fat, which are here assumed
to be deposited in approximately the same proportions throughout spring. Protein inclu-
des 68% water, so for every g mass change an amount of (150/400)×0.32=0.12 g of pro-
tein is incorporated. Fat contains only 5% water (Korte 1988), which means that for a 1
g mass gain (250/400)×0.95=0.594 g of fat is required. Assuming that any energy loss
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NIR = ∑(Ti ×GIRi ×MEi),
i=1
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Fig. 1. Metabolizable energy (ME) in relation to the protein content of the food (y=13.55-
0.56x+0.0123x
2, r
2=0.63, n=55, P<0.0001).in tissue synthesis may be used in thermoregulation, protein and fat together represent
an energetic investment of (0.12×17.8) + (0.594×39.3)=25.5 kJ g
-1. This value agrees
very closely with the 26 kJ per g mass change in brent geese found by Boudewijn (1984)
found in his feeding trials with captive birds. Owen (1970) mentioned an average value
of 22 kJ g
-1 mass change for Blue-winged Teal. Williams and Kendeigh (1982) found a
remarkably lower value of 14 kJ g
-1 in feeding experiments with caged Canada geese
Branta canadensis.
Digestive capacity
The digestive capacity is the maximum bulk of food that can be processed by the diges-
tive apparatus per unit of time. In geese most of the food and its remains can be found
in the proventriculus and the oesophagus (Owen 1980), which is known to function in
birds as a storage organ to supply food to the gastric apparatus at a constant rate
(Ziswiler and Farner 1972). In order to estimate the digestive capacity, the volume of
the oesophagus and proventriculus (measured by their fresh weight contents) was divi-
ded by the throughput time. The maximal amount of food in the alimentary tract is 150
g fresh weight (Korte 1988). The throughput time in geese is generally found to vary
between 90 and 120 min (Owen 1975, Burton et al. 1979, Marriott and Forbes 1970),
and in order to avoid an underestimation of the digestive capacity, the lower value of 90
min is used here. So the digestive capacity in brent geese can be calculated as
150/1.5=100 g fresh weight per hour= 1.67 g fresh weight per min.
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Fig. 2. The diet of brent geese during two seasons (as % of dry weight food intake). The data are
based on microscopical analysis of droppings (1985: n=137, 1986: n=236).Results
The diet
Puccinellia maritima predominated in the diet of brent geese, while in the early part of
spring (especially in 1985) Festuca rubra was also commonly used (Fig. 2). Plantago
maritima and Triglochin maritima increased in importance throughout spring, but their
combined proportion in the diet never exceeded 25% in the pooled samples. Other spe-
cies accounted for less than 1% of the diet, and were excluded from further analysis.
Utilization of intertidal algae (Ranwell and Downing 1959, Tubbs and Tubbs 1982) was
quantitatively unimportant in the seasons of observation.
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Fig. 3. The protein content (on organic matter basis) of four food species during spring. All species
show a decrease in protein content during the staging period of brent geese. Data refer to 1986, apart
for some samples of Puccinellia (open circles). (Puccinellia: r
2=0.85, n=14, P<0.001; Festuca:
r
2=0.65, n=16, P<0.001; Plantago: r
2=0.34, n=12, P<0.05; Triglochin: r
2=0.49, n=9, P<0.05).Composition of food plants, and intake rates
The proportion of protein in the four food species declined throughout spring (Fig. 3),
mainly in favour of the less digestible cell wall components. The metabolizable energy
(ME, kJ g
-1) of the plants, therefore, gradually decreased in the course of time (Fig. 4A).
The ME of Festuca was consistently the lowest, and most energy could be extracted
from Puccinellia (early) or Triglochin (late in spring). In the study period the gross in-
take rate (GIR) was highest for geese feeding on Triglochin; Plantago was the second
best species, followed by Festuca and Puccinellia (Fig. 4B). A high growth rate of Plan-
tago and Triglochin caused a strong increase in plant size, and consequently the GIR of
geese feeding on these plants rapidly improved. This increase compensated for the
decrease in ME,r esulting in increased net intake rates for geese feeding on either of
these species.
Food production and consumption
The food plants were intensively grazed by flocks of brent geese. All newly produced
plant tissue of Plantago and Puccinellia was effectively removed. In the case of Plan-
tago, each site was visited by geese every 4-8 days, and all plants were cropped simul-
taneously (Prop 1991). Puccinellia sites were visited more frequently, but for simplicity
the amounts of produced and consumed tissue in Fig. 5 are totalled per 5-day period.
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Fig. 4. A) The metabolizable energy (ME), and B) the average gross intake rate (GIR) of the four
food species during spring. The ME follows largely the trend in protein content (see Fig. 3).From the beginning of May onwards the geese removed not only the newly produced
Puccinellia,b ut they appeared actually to graze down the plants (Fig. 5). This was a di-
rect consequence of a change in this grass, since from then on reproductive shoots were
developing, which lifted the blades from the ground surface. This allowed the geese to
remove all blades on a shoot instead of only a few in the generally prostrate growth form
earlier in the season. The intensity and frequency of Triglochin grazing were similar to
those of Plantago. Festuca however, was utilized quite differently (Fig. 5), and the
geese grazed this grass at a much lower intensity. This resulted in a rapid increase in its
standing stock during the study period in spring.
The role of Festuca
Although Festuca comprised a considerable part of the diet of the geese, the plant was
an outlier in respect of its utilization. Its low usage could have been related to the low
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Fig. 5. The availability of the three principal food species, depending on their growth and the combi-
ned effects of decay of leaves and of consumption by geese. Puccinellia maritima and Plantago
maritima are intensively grazed species, unlike Festuca rubra. For Puccinellia and Plantago the
lower limit of plant utilization is indicated by the horizontal line. The measurements of grasses were
summed per 5-day period.ME (Fig. 4A), but as this value was the lowest of all four food species throughout
spring, it does not explain why Festuca was grazed at some times. It appeared that the
principal food species, Puccinellia,v aried considerably in its growth rate, both within
and between seasons. Fig. 6 shows that in periods with low Puccinellia production
geese shifted to feed on Festuca. Apparently Festuca acted as a buffer, allowing the
brent geese to feed when production of their staple food was inadequate.
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Fig. 6. The relationship between the proportion of Festuca rubra in the diet and the growth rate of
Puccinellia maritima. Festuca becomes an important food source as soon as the Puccinellia produc-
tion drops (r=-0.73, P<0.001). Data refer to the period 10 April - 10 May.
Diet composition and the accumulation of body stores
Body mass increments were calculated on the basis of two different food regimes: (1)
simulating what would happen if geese only had access to their staple food Puccinellia
(which is a plausible diet for some of the geese, see following section), and (2) diets
based on the actually observed 5-day averages.
Geese that used only Puccinellia could achieve a substantial mass gain in the period
from mid-April until early May (Fig. 7): i.e. the period during which peak values in the
ME of Puccinellia were reached (Fig. 4A). Geese with an ‘average’ diet, including
Plantago and Triglochin,w ere able to perform quite differently. Instead of a gradual
decline in the daily mass increment from the beginning of May onwards, mass gain
peaked at a much higher level, and was maintained until the end of the month. Daily
mass increments for geese with the ‘average’ diet were 1.6 times as large as those for
individuals feeding only on grasses (7.9 and 5.0 g day
-1 respectively).
Food depletion and diet composition
Three of the four food species (Festuca being the exception) were used intensively,
the geese cropping the newly produced plant tissue. On a local scale this resulted in a 
transient food depletion. This means that the diet composition of the geese cannot beunderstood only in terms of a fixed sequence of preferences for the food plants, by ran-
king them in order of net energy or nutrient gain, as is usually done (Owen 1980). One
has to consider in addition the effects of the successive depletion. In order to explore the
consequences of food depletion on diet composition, the food choice by brent geese that
visited a study site in the Plantago-zone was analyzed by means of film recordings. It
appeared that during the passage of a flock only the foremost geese were able to profit
from Plantago (Fig. 8). Triglochin was less common in the study area, but this species
was also taken only by the front geese. Animals at the rear of the flock were feeding on
Puccinellia.
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Fig. 8. Patch choice by flocks of brent geese when passing through a study site. The diet choice shif-
ted from Plantago for the front birds to Puccinellia for individuals at the end of the flock. The
results are based on film analysis of 5 flock visits.Individual performance and diet composition
The proportion of Plantago and Triglochin in the diet of brent geese in the Plantago-
zone increased through spring, and this trend was similar in each of the study years (Fig.
9). As an overlay, the scores of individual pairs (male and female combined) are shown.
Most pairs seemed to be consistent in their diet composition: the diets of 5 pairs inva-
riably contained more Plantago and Triglochin than the average diet, that of 5 other
pairs contained less throughout spring, and only 2 pairs behaved differently in separate
periods.
Geese were observed to fight for Plantago and Triglochin spots: they defended
patches, or tried to displace other pairs from a patch. Evidently, the proportion of
Plantago and Triglochin in the diet of a pair was positively related to the ability to win
a fight (Fig. 10).
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Discussion
Individual differences in the diet composition explained by constraints on food intake
The geese studied had to accumulate body stores, and therefore they may be regarded
as energy or nutrient maximizers (Schoener 1971). Mattson (1980) argued that protein
is in limiting supply for non-ruminant herbivores due to its relative shortage in plants.
However, in barnacle geese, and we assume in brent geese as well, this only holds for
food containing less than 15% protein (Prop and Lichtenbelt, unpublished). This thres-
hold is easily surpassed in the food ingested by the geese (Fig. 3), and therefore the
geese should compose a diet that maximizes the amount of metabolizable energy.
We  will consider a situation in which geese feed in the Plantago-areas, where they
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Fig. 9. The combined proportion of the two highly profitable food species (Plantago and Triglochin)
in the diet of brent goose pairs in spring. The scores of the same pairs are interconnected by a line,
to compare with the average trend in two seasons (solid lines). Pairs perform consistently better or
worse than the average. Only data from the Plantago-zones were used for this analysis.Chapter 6
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choose between Puccinellia and Plantago. One approach to understand diet choice of
herbivores is by Linear Programming (LP, Westoby 1974, Pulliam 1975). LP allows for
constraints acting on the food intake, under the main assumption that non-equivalent
food types are linearly substitutable (Belovsky 1984). In the case of the brent geese
three constraints may be distinguished which affect the intake of the separate food spe-
cies (see also Fig. 11).
(1) The Time,w hich constrains the gross intake of both food species:
where T=time available for feeding, for which we choose an arbitrary time-scale of 1
min; giri= the gross intake rate of geese feeding on food species i (g min
-1); gi= the actu-
al amount of species i ingested (g); the two gi’s are the variables of the horizontal and
vertical axes in Fig. 11.
If food depletion of species i occurs, individuals within the flock experience diffe-
rent giri’s. This is for example the case when brent geese feed on Plantago (Prop and
Loonen 1989) (see Fig. 11: the GIR of birds at the front of a flock feeding on Plantago
is A1, that of individuals behind the foremost geese is lower (A2), and the GIR of geese
at the rear of the flock might be even less).
(2) The Digestive Capacity,w hich limits the bulk of food that the geese are able to pro-
cess. The maximum amount of food ingested depends on the water content of the food
species, and on the digestive capacity of the goose:
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where DC = the digestive capacity (see methods), and Wi = the water content of food
species i (for Puccinellia =0.694, and for Plantago =0.859).
(3) The Distribution Pattern of the food species. The distribution patterns of plant spe-
cies on salt marshes are typically fine-grained (Bijlsma 1989). In order to apply the LP-
model for these patterns, we introduce a new constraint which accounts for the loss of
time in moving from one patch to another. This constraint is comparable to the travel-
time used in patch-exploitation-models (reviewed in Stephens and Krebs 1986). Two 
effects of the distribution of Plantago on the travel time should be considered: first,
the time that is required to move between Plantago-zones; and second, within each
Plantago-zone the travel-time between patches, which increases due to successive
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exhaustion of the patches when a goose flock passes (Prop and Loonen 1989). We assu-
me that this travel-time was inversely proportional to the instantaneous GIR of geese
feeding on Plantago. The distribution constraint of Plantago can therefore be described
as:
where girPt= the instantaneous gross intake rate of geese feeding on Plantago t min after
the initiation of grazing (and girP0= the initial GIR), dP= the proportion of time spent
within the Plantago-zones (=0.495, based on film recordings). There is no Distribution
constraint for geese feeding on Puccinellia, because brent geese could easily feed unin-
terruptedly on the closed sward of this grass.
The diet composition that provides the most energy can be derived from the suc-
cessive Energy-lines (or indifference lines, Stephens and Krebs 1986):
(g1×E1)+(g2×E2) = e,
where e = 1, 2, etc. (kJ), and Ei= the metabolizable energy of food species i. In Fig. 11
most energy is obtained from a diet that is composed as at point X. Fig. 11 exemplifies
the food situation half way through the staging period of the brent geese, which shows
that different constraints, depending on the position within the flock, affected the diet
composition of the individual geese.
A. Individuals in the front of the flock experienced a food availability which allo-
wed them to take predominantly Plantago. However, the LP-diagram shows that their
actual intake was constrained by the digestive capacity (Fig. 11 A). In order to maximi-
ze the amount of metabolizable energy Puccinellia should be included into the diet,
because this food species allows a more efficient use of the alimentary tract due to its
lower water content. This capacity constraint is likely to explain why individuals at the
front of a flock did not spend more time feeding on Plantago (Fig. 8), which intuitive-
ly might to be expected if they aimed at maximizing food intake. Geese generally avoid
the problem of a limited digestive capacity by maintaining high throughput rates (Sibly
1981, Van Soest 1982, but Prop and Vulink 1992). The high GIR of geese feeding on
Plantago,h owever, caused the potential occurrence of a digestive bottleneck.
Maintaining high intake rates which exceed the capacity of the digestive tract leads to
forced feeding breaks (Kenward and Sibly 1977).
B. Plantago is easily depleted by a flock of brent geese (Prop and Loonen 1989),
and the LP-diagram (Fig. 11B) illustrates the repercussions of food depletion on the
optimal diet composition. Due to the depletion, the distance to move from one patch of
Plantago to the other increases, and as a consequence the importance of the Distribution
constraint of Plantago increases as well. Geese at the rear of a flock are faced with dif-
ferent food conditions than the ones in the front, and therefore the amount of Plantago
ingested is expected to change in relation to the individual’s position within the flock.
This prediction from the model was confirmed by our observations, as the diet compo-
sition varied according to the position with the flock (Fig. 8). Concurrently with the
gP = girPt ×dP × , girPt
girPOFood choice and body stores
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decreasing importance of Plantago in the diet, the amount of metabolizable energy
ingested also declined (compare Fig. 11A, B and C).
Geese feeding on natural vegetation usually exhibit strong preferences for certain
plant species (for Triglochin palustris,T homas and Prevett 1980; Equisetum  spp.,
Thomas and Prevett 1982; Oxyria digyna,P rop  et al. 1980; Triglochin palustris,
Sedinger and Raveling 1984; Equisetum palustre, Coleman and Boag 1987). In gener-
al this selectivity is attributed to the higher quality of the preferred plants. On the basis
of Fig. 4 we conclude, however, that the difference in profitability (kJ min
-1) between
Plantago and Triglochin on the one hand, and Puccinellia and Festuca on the other was
governed to a large extent by their size, affecting the GIR of the geese, and not by their
quality.
Individual performance and diet composition
Teunissen et al. (1985) categorized brent geese according to their position in the flock
(front, mid and rear part), and they showed that each individual goose occurred consis-
tently in the same segment. They suggested that only the most dominant pairs obtained
the favourable flock positions, thereby gaining access to food before it was depleted.
Our data fit with this idea, by demonstrating (1) that individual pairs were consistent in
their diet composition relative to other geese, and thereby in their net intake rate; and (2)
that the proportions of the most profitable food species in the diet of the individual pairs
were positively related to their dominance score. Asymmetry in the allocation of resour-
ces among individuals, in particular of food, is common in animals (Lazarus 1982).
Factors that might affect differences in competitive ability between the pairs are age
(Raveling 1970, McLandress and Raveling 1981a, Paulus 1983, Lamprecht 1986, Hepp
1989) and, in particular, the experience of the pair members (Scott 1980, Black and Owen
1987). Since the geese in this study had been marked recently, no data are available to
explain differences in performance between pairs in the context of their life histories.
The accumulation of body stores in relation to plant phenology
The graminoids Puccinellia and Festuca formed the staple food for brent geese through-
out their staging period (Fig. 2). The protein content declined first in Festuca, and later
in Puccinellia (Fig. 3). The rapid decline of readily digestible components in plants
during the growing season is common in grasses (Osbourn 1980). Consequently, if brent
geese were to feed on grasses only, the daily amount of metabolized energy would
decrease during the second half of the staging period, causing a reduction in the size of
stores accumulated (Fig. 7). In the phenological development of the salt-marsh vegeta-
tion, the spring flush of Festuca and Puccinellia in March and April was succeeded by
that of Plantago and Triglochin. As soon as the latter species became available from
mid-April onwards, the brent geese exploited them (Fig. 5). The increasing proportion
of the profitable Plantago and Triglochin in the goose diet compensated for the decline
in quality of the grasses. Thus the seasonal shift in diet composition allowed brent geese
a continuous gain of body mass until their departure to the breeding grounds at the end
of May. Chapter 6
104
Davies and Cooke (1983) have pointed at the importance of food conditions to spring
staging geese by providing evidence that in years of extreme drought the body condi-
tion achieved by Lesser Snow geese was lower than usual. Considering the subtle ways
that geese depend on their food supplies, however, it may be expected that the accumu-
lation of body stores is not affected by extreme adverse food conditions only. Whether
brent geese are actually able to benefit from the spring flush of plant growth depends
on the precise course of the production and of the quality of the food species (Fig. 4 and
7). Particularly the ambient temperature has a profound effect on the onset of spring
growth of plants (Wielgolaski 1974), and on their production rates (Larcher 1980).
Given the close relationship between temperature and plant growth, we expected a simi-
lar relationship between the body stores deposited by brent geese in spring and clima-
tic conditions. Indeed, the average body mass that brent geese attained at the end of the
staging period was a quadratic function of the average temperature in the preceding
spring (Fig. 12). The geese achieved highest body mass in years with intermediate mean
temperatures. The low body mass in cold springs can be explained by depressed plant
production, whereas in years which were warm throughout an early decline in food
quality (Fig. 3) apparently cancelled out the positive effects of enhanced plant produc-
tion. We suggest that minor deviations in the weather affect the availability and quality
of the food in a way that the capabilities of the brent geese to accumulate body stores
are impaired. In this paper we showed large asymmetries in resource allocation among
individuals within a goose flock, which resulted from individual differences in compe-
titive abilities. We expect therefore two effects of weather-induced variation in the food
availability among years. One is the influence on food quality that must affect all indi-
viduals in the population. The other is the effect on food production, and we expect that
this mainly affects the low-ranking individuals in goose flocks. Further study is requi-
red to separate these effects. 
1400
1500
1600
1700
b
o
d
y
 
m
a
s
s
 
(
g
)
5.5 7.0 6.0
mean spring temperature (°C)
6.5 7.5 8.0
COLD
COLD
COLD
WARM
WARM
WARM
in March
in April-May
Fig. 12. The body mass of brent geese attained at the end of the staging period in relation to the
average spring temperature, from 1 March through 20 May (r
2=0.73, n=9, P=0.02). Data on body
mass derived from Ebbinge (1989), data on temperature from KNMI daily weather reports (local sta-
tion Eelde).Food choice and body stores
105
Acknowledgments
We thank the Dienst der Domeinen for granting permission to work in the nature reser-
ve on Schiermonnikoog. The catching and ringing of the brent geese was performed
under the supervision of Bart Ebbinge (Research Institute for Nature Management
(RIN),Arnhem). Kees Gast (RIN,Arnhem) cared for the processing of all chemical ana-
lyses. Dick Visser processed the photographic material, and prepared the figures. John
Doherty, Rudi Drent, Bart Ebbinge, Marcel Kersten, Edo Knegtering, Maarten Loonen,
Theunis Piersma and Theo Vulink provided constructive criticisms of the manuscript.
Louis Witte, Henk Korte, Rudi Drent and numerous students joined in the fieldwork.
This study is part of a project carried out for the Research Institute for Nature Ma-
nagement (Arnhem) and the University of Groningen, supported by the Foundation for
Technical Sciences (STW). We are grateful to Rudi Drent and Bart Ebbinge for help and
advice during all stages of the study.106
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Chapter 7
Food exploitation patterns by brent geese during spring
staging
Jouke Prop
Abstract
This study investigated the interactions between animals and food resources that cycle through
repeated depletions and rapid recoveries. During spring staging the herbivorous brent goose
Branta bernicla bernicla is heavily reliant on the regrowth of the food plants, Puccinellia mari-
tima and Plantago maritima. We documented the daily movements of goose flocks over a salt
marsh, and registered the intensity of grazing of the food plants. Moreover we measured growth
rates of the plants, when exclosed from grazing and when grazed. Assuming that the geese aimed
to achieve a maximal intake rate, we constructed a model to predict the optimal interval to graze
individual food plants. This model accounted for the rate of regrowth of food plants since gra-
zing and for the functional response of the geese. The brent geese grazed Puccinellia and
Plantago plants at intervals of 19 and 6 days, which appeared to be close to the predictions by
the model. The records of flock movements showed that Puccinellia dominated areas were visi-
ted every 1 or 2 days, and measurements on the plants revealed that during a single vist 10% of
the Puccinellia tillers were grazed. In contrast, Plantago areas were visited only once every 4 to
8 days, when almost all rosettes were removed. In spite of these different grazing regimes, the
interval of successive visits and the percentage of plants grazed per single visit were closely
tuned to result in a maximal harvest at the highest possible intake rate for both Puccinellia and
Plantago. This supported the hypothesis that the number of spring staging geese in the study area
had reached its maximal number. The study is a basis for further understanding the mechanism
of carrying capacity. 
Published in: Ardea 79: 331-342 (1991, revised)Introduction
It is generally accepted that one of the potential factors affecting goose populations at
any stage of their life cycle is the availability of their food resources (Ogilvie 1984,
Madsen 1987). This view is based on studies of habitat use by geese in a variety of
goose haunts, which established that a ‘carrying capacity’ had been reached. Confir-
mation that such an upper limit actually occurs has been shown at least locally in three
different ways: 1) Peak numbers or number of goose days spent in the area appeared to
be rather constant over a period of several years (Ebbinge 1979, Drent et al. 1978, Owen
1980a, Prokosch 1982, Gullestad et al. 1984, Madsen 1984, Giroux and Bédard 1988).
2) The number of geese in different sub-areas was positively related to the available
food supply per sub area (Prop et al. 1984, Madsen 1984). 3) A change in the food con-
ditions for geese as a consequence of altered management practice led to a change in
goose numbers in the area (Drent et al. 1978, Gullestad et al. 1984).
Additional support for the hypothesis that food is a limiting factor on goose num-
bers at a local scale, is derived from the findings that food utilization by geese can be
very high, amounting to more than 80 % of the food production during their stay
(Ydenberg and Prins 1981, Prop et al. 1984, Cargill and Jefferies 1984, Madsen 1989).
However, detailed integrated studies of plant availability and grazing behaviour to show
that the local food supplies are fully utilized indeed, are scarce. For brent geese Prop
and Loonen (1989) showed that during a flock passage Plantago maritima was gradu-
ally depleted, and as soon as the intake rate for the Plantago feeders had decreased to
the level of the alternative food plants, geese stopped feeding Plantago and fed exclu-
sively on the alternative. Madsen (1988) registered the consequences of a declining food
stock (Zostera) on brent goose behaviour, and showed that the geese compensated for a
decrease in food coverage by increasing their stepping rate, which probably affected the
net energy gain in a negative way.
Characteristic of the goose’s food is the fast regeneration capacity of plants after
being grazed. Brent geese appeared to exhibit a marked temporal pattern in use of their
feeding grounds by revisiting the same part of a salt marsh every 3-5 days (Prins et al.
1980). It was suggested that this occurred in response to depletion of the food stock by
the geese, which returned repeatedly to the area to profit from the new regrowth.
However, measurements of food plants to support this hypothesis were lacking. More
botanically-oriented studies in natural plant-herbivore systems have focused on re-
growth of plants after grazing, or consequences of grazing for plant productivity
(MacNaughton 1979, Cargill and Jefferies 1984). The behavioural aspects of the grazer
generally fall outside the scope of these studies, however.
Processes of local food depletion, and decision rules for animals that exploit food
patches have gained much attention, and the literature provides a rich theoretical back-
ground how to approach this kind of problem (Krebs and Mc Cleery 1984, Pyke 1984).
The extension to incorporate the consequences of a replenishing food supply on the ani-
mal’s feeding behaviour proves to be less attractive for study. Studies dealing with this
topic include Cody (1971), relating the return of finch flocks to the rate of ripening of
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to enable them to profit of the renewal of nectar in flowers emptied by them before. 
This paper deals with local movements of brent goose flocks, and aims to explain
the movements by examining the behaviour of the geese in relation to food utilization
and regrowth of food plants. We investigate if the revisitation of different parts of 
the salt marsh can be explained by optimal foraging theory. We solve this problem by
first determining the optimal grazing interval for individual plants, and then by testing
if the percentage of plants grazed is adjusted to this optimal grazing interval. Assuming
that the geese are maximising their intake rate in spring the model provides then a pre-
diction of the optimal combination of grazing interval and the percentage of plants 
grazed.
The study area
Data were collected in the spring of 1985 and 1986 on Schiermonnikoog, one of the
Frisian Waddensea islands in the Netherlands. In winter months the brent geese feed on
reclaimed areas behind the sea-wall, but from March onwards the majority of the geese
move to salt marshes. Observations of ringed geese indicated that different parts of the
salt marsh are utilized by isolated flocks with little interchange in between (Roos 1986).
In the study area on the eastern part of the island (about 100 ha) brent geese number
between 800 and 1500 geese. By the end of May the brent geese leave the island for
their journey to the Siberian breeding grounds.
Three major vegetation types were distinguished, each with its typical food plant for
the geese. 1) The areas dominated by Puccinellia maritima,c overing the lower parts of
the salt marsh. Puccinellia is a major component of the brent goose diet (Ebbinge et al.
1980, Prokosch 1984, Madsen 1989). Seedlings of Salicornia spp. occurred locally at
high densities, but were of minor importance as a food source. A subdivision was made
between the lowest areas (‘Low-Puccinellia’), which were inundated in spring by sea
water about 6 times per month, and ‘High-Puccinellia’, areas inundated in spring less
than 3 times monthly. 2) The higher marsh dominated by Festuca rubra, reached by sea
water only during extreme high tides. 3) The Plantago-areas with a mosaic pattern of
higher ‘islands’of several square meters covered by Festuca rubra,s eparated by gullies
with a sparse vegetation of Puccinellia maritima. In the transition zone between Festuca
and  Puccinellia,g rowing in narrow bands, a third important food plant occurred,
Plantago maritima. Less frequently found in this zone were species such as Triglochin
maritima,w hich was also intensively grazed by geese, and Aster tripolium and
Spergularia maritima,w hich accounted for only a minor share in the diet of the geese.
Methods
Measurements on food plants
In the Puccinellia areas, two and four sampling sites were selected in 1985 and 1986
respectively. At each site 12 or 16 20×20 cm plots, all on a transect and 5 m apart, were
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were carried out in three or four plots that were temporarily excluded from grazing by
coarse mesh wire. Every four days these exclosures were moved to other plots. The
same plots were used throughout the season, but the measurements immediately follo-
wing a period of exclosure were excluded for analysis to avoid effects of the accumula-
tion of plant tissue during the exclosure period. In order to study plant growth in the
absence of grazing throughout spring, three permanent exclosures were erected at every
site.
Within each plot, 12 different Puccinellia tillers were marked with tiny plastic,
coloured bands, in order to follow the fate of individual tillers (Davies 1981). The mar-
ked tillers were replaced by others, if they were lost. At intervals of 1 to 4 days every
tiller was examined, and the following parameters were recorded :
• The length of each leaf to the nearest mm; for the youngest leaf (leaf 0) this was the
distance between the leaf tip and the ligule of the upper fully emerged leaf (leaf 1);
all other leaves were measured as the distance from the tip to the ligule.
• The status of every leaf: a) grazed or not, and if so whether there was a freshly cut
leaf surface indicating it had been grazed on the day of sampling; b) the colour of the
leaf blade: fresh green, with a brownish tip, or completely brown (dead).
• The occurrence of elongated stem internodes was noted, as an indication of the onset
of the reproductive phase of the tiller (Langer 1972).
• The number of daughter tillers; and these were treated like the main tiller they origi-
nated from. As they played a minor role as food for geese, the following analysis will
be restricted to the main tillers.
Based on records from one sampling occasion to the next the following parameters were
calculated:
• The growth per tiller was derived from the extension of the leaves (mainly leaf 0).
• The interval in days between appearance of successive leaves on the same tiller.
• The number of leaves that died per tiller.
• The length of leaves removed by grazing; if leaf 0 was grazed, a correction was made
for growth between measurements.
• The age of a leaf at the moment of grazing, as an indicator of the quality of food (Dale
1982).
To estimate intake rates (see below) 20 additional plots of 20×40 cm were marked
close to the observation towers. These plots were photographed with a stereo camera at
least once per 4 days, but more often (up to twice a day) when grazed by geese. The
amount of Puccinellia grazed was assessed by comparing the sets of successive photo-
graphs using a stereo-scope.
In the Plantago-area five sampling sites of 6×20 m were selected. At each site 12
or 16 plots of 20×40 cm, covered by Plantago,w ere marked with small sticks. In these
plots 50 rosettes of Plantago were marked with small nails, and availability and growth
was measured as described for Puccinellia tillers. Leaf lengths were measured from the
base stem onwards. Additionally, all Plantago plots were photographed at intervals of 4
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Puccinellia plots which gave the amount of Plantago grazed per interval. To determine
the regrowth after grazing 6 additional plots were exclosed from grazing by mesh wire
immediately after passage of a goose flock, and these were treated like the plots above.
All measurements on lengths of the food plants were converted to weights by using cali-
brating curves based on the allometric relationship between length and weight of leaves.
Distribution of geese
During April and May brent geese were observed daily from dawn to dusk, from observa-
tion towers. The distribution and movements over the salt marsh by goose flocks were
recorded on detailed maps of the area (1:10000). The frequency of grazing visits to diffe-
rent parts of the marsh was derived from the interval between successive visits (in days).
Dropping counts
In order to compare grazing pressures between the vegetation types, cumulative drop-
ping densities were recorded. Within each vegetation type at least 10 circular plots with
an area of 4 square meters were marked. Every one or two days, droppings in each plot
were counted, and removed. Weights of droppings vary widely between vegetation
types, but the time to produce a dropping (dropping interval) is relatively constant
(unpublished data), which make dropping densities a reliable measure of grazing time
spent per area.
Food intake rate by geese
In 1985 in total eight passages of goose flocks through the sampling sites were recor-
ded on 16-mm film, and subsequently examined on a motion analyser. This gave the
number of pecks and the number of seconds that the geese spent grazing at the photo
plots (see above). The average food intake rate per plot was calculated as the amount of
plants removed divided by the cumulative grazing time. These intake rates were related
to the average amount of plant biomass available in the plot. To increase the range of
food availabilities some plots were temporarily exclosed from grazing. In the second
half of May geese started to remove reproductive tillers of Puccinellia. For simplicity,
these data have been excluded from the calculations of intake rate.
Throughout the paper averages are reported ±SD.
Modelling foraging behaviour in relation to a replenishing food stock
During spring staging brent geese feed to a large extent on recently produced plant tis-
sue (Prins et al. 1980, Prop and Loonen 1989), and each time that they revisit an area
they crop the parts of the plants that developed after the previous visit. Such a grazing
regime can be described by the following parameters: the interval of grazing, and the
intensity of grazing. These two parameters can be considered at two levels (the separate
food plant, and the foraging area), and therefore there are four parameters in total to deal
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cessive visits to the same area, (3) the amount removed per plant (closely related to in-
take rate), and (4) the percentage of the plants that are grazed during each grazing cycle
to an area.
Assuming that the geese aim to maximise the intake of food, the first problem is to
find an optimal interval to graze individual plants. This problem can be solved in a three-
step process. First, the intake rate is a function of the size of the food plant, in a general
form reaching a plateau value at a high availability (the functional response, Fig. 1A).
Secondly, the size of the food plant depends on how fast the plant recovers after being
grazed (Fig. 1B). Thirdly, the combination of the previous relationships gives a time
response, which is the intake rate as a function of the time since a grazing event (Fig. 1C).
The optimal interval of grazing an individual plant can be solved by drawing the tangent
Chapter 7
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Fig. 1. Hypothetical relationships between A. Intake rate and plant size; B. Plant size since grazing; 
C. Intake rate and the time since grazing. The intake rate (A) and the plant size (B) may reach an
upper value (curves a) or they show a continuous increase (curves b). The intake rate since grazing
reaches an asymptote due to the functional response (curve a in A), or from limits in the regrowth 
of the food plants (curve a in B). The tangent to the curve, drawn from the lower intake rate during
the previous visit, gives the optimal interval Topt between successive visits.to the curve. To account for a non-zero food intake rate immediately after a grazing
event, the intercept of the tangent should be equal to the intake rate at the lower accep-
tancy threshold (see below). The optimal interval Topt balances the intake rate and the
number of grazing cycles during the staging period, and represents the average intake
rate per day that grazing is delayed. 
We expect that intake rates level off with long intervals (Fig. 1C). This can be due
to the functional response (panels at the left of Fig. 1), or because the food plant reaches
a maximal size (right panels of Fig. 1) when the plant stops growing, or when growth
rate of some parts balances death rate of other parts of the same plant. The solution deri-
ved from the model applies to birds in front of the flock, which crop the regrowth first.
This is a relevant selection of birds because these individuals, consistently the same
ones (Teunissen et al. 1985), probably play a leading role in flock movements. 
Given the optimal interval to graze an individual plant, the following step is to ask
how often geese should visit different parts of the feeding grounds. For ease of compa-
rison, intervals of visits to an area are transformed to relative intervals by expressing as
a percentage of the optimal interval to graze a plant. In its most simple form, the trans-
formed grazing interval and the percentage of plants grazed are linearly interchangeable
(see Fig. 2), and the ratio of the two determines the intake rate that geese can achieve.
When the ratio is 1, the intake rate is equal to the maximal intake rate (achieved when
individual plants are grazed at optimal intervals). When the ratio is larger than 1, the
intake rate is similarly equal to the maximal intake rate, or higher depending on the pre-
cise shape of the response curve. When the ratio is smaller than 1 then the intake rate
can be described as: intake rate = (interval / % plants grazed) × intake ratemax. As an
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should return to the area at an interval which is at least 50% of Topt (point A in Fig. 2).
A higher grazing pressure by grazing a higher proportion of the plants (point B), would
result in a lower intake rate because the geese take plants that are not fully recovered
yet. The same is true when geese would return more often to the same area. In contrast,
taking a lower percentage of the plants during a single visit, or increasing the grazing
intervals, has little effect on the intake rate. The ratio of the grazing interval and the per-
centage of plants grazed provide further an indication to which extent food plants are
exploited. If the ratio is equal to 1, the amount of food grazed is maximal. This may be
also the case when the ratio is less than 1, although the intake rate is sub-optimal. If the
ratio is large than 1, the food stocks are under-exploited. 
Results
Grazing of different vegetation types
The frequency of visits by brent geese to the different parts of the salt marsh varied
widely (Fig. 3). Some 
1/4 ha-squares were visited less than once per 5 days, others were
frequented nearly daily. The spatial pattern of frequencies of visits coincided with the
vegetation boundaries. The Low-Puccinellia zone was visited most frequently, the
Festuca areas the least, while brent geese visited the Plantago-zone and the High-
Puccinellia vegetation at intermediate frequencies. Surprisingly, there was no direct
relationship between frequency of visits and total grazing pressure, and zones which
were visited most often were not grazed most severely (Fig. 3 lower panel). The total
grazing pressure was highest in the Plantago-zone (in 1985), and in the High-
Puccinellia swards (in 1986). The question why the most severely grazed areas were not
visited more frequently by the geese will be addressed in the next sections.
Grazing of Puccinellia
The larger tillers of Puccinellia, that had been ungrazed for the longest time, had the
highest probability of being taken by the geese (Fig. 4). Whether this was a consequence
of geese actively selecting the larger tillers or because geese were directing their pecks
towards tillers in the upper layer of the vegetation and thus automatically encountered
the largest ones, it supports the presumption that geese rely on the regrowth. Recently
grazed tillers, which had a total leaf length of 20 mm or less had only a minor contri-
bution to the intake of the geese (Fig. 4).
The intake rate of geese feeding on Puccinellia was on average 2.0 mg sec
-1 (±0.31,
n=11), which confirmed our earlier findings (Prop and Loonen 1989). Because each plot
was usually composed of tillers which varied in size, we were not able to relate intake
rate to the size of the tillers directly. Instead, we reconstructed this relationship from the
average intake rate, and from the proportional contribution to the total intake for tillers
of different size (Fig. 4), and by assuming that the intake rate is linearly related to the
size of the tillers (Fig. 5A).
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Puccinellia-low  16.9/15.0
<20%
Plantago  15.1/22.7
Festuca
4.8/9.5
Pucc.-high
12.5/25.6
Pucc.-
high
sand
20-50%
50-80%
>80%
200 m
% of days visited
1 - 21 May
Fig. 3. Frequency of visits by brent geese to different parts of the study area (subdivided in squares
of 50×50 m) in 1986. The similarity in patterns between the upper and lower panel (a sketch of the
vegetation boundaries in the area) show that the Low Puccinellia areas are visited most frequently,
followed by the High Puccinellia, and the Plantago-area. The figures in the lower panel refer to the
cumulative number of brent goose droppings (number per square meter) for the spring of 1985 and
1986 respectively.
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Fig. 4. The probability that a Puccinellia tiller is grazed by brent geese in a 4-day period in relation
to its length (y=-0.28+0.025x-0.0003x
2, F2,7=28.1, P=0.0005, total sample size on which averages
were based n=400). Accounting for differences in occurrence, the contribution to the total food intake
(in %) for each size class is indi-cated separately.During its vegetative phase, the stem apex of grasses continually produces new
leaves, which appear at the tip of the tiller (Langer 1972). When a leaf has reached its
final length, the next leaf becomes visible above the enveloping sheath to grow to matu-
rity. As soon as a new leaf appears an old leaf starts to degenerate. This was also the
case in Puccinellia, and during the study period the dying of leaves kept pace with the
appearance of new ones (0.078±0.0062 and 0.084±0.0075 per tiller per day, respective-
ly, n=480 tillers in exclosed plots). As a result, within each of the study sites the total
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Fig. 5. A. Intake rate in relation to the size of a Puccinellia tiller. B. Size of Puccinellia tillers in
relation to the number of days elapsed after grazing. After 20 days there is an equilibrium between
regrowth and death of leaves. C. Intake rate in relation to the number of days since grazing (combines
plot A and B). The frequency distribution gives the observed intervals of grazing the same tillers
(n=200).number of green leaves per tiller was constant throughout the goose staging period, al-
though there was variation among sites (F5,610= 3.9, P<0.01). Because the number of
leaves grazed per peck was constant through time and between study sites (1.7±0.67,
n=471, F5,465=2.0, N.S.), we assume that geese took per peck the maximum number of
leaves harvestable. The last full-grown leaf (leaf 1) was removed by grazing in 81.2%
of the cases, in general together with a younger (0) or older leaf (2). When leaf 0 was
untouched by the geese, the maximum bite available thereafter was after maturing of
this leaf and the appearance of the next; when leaf 0 was removed together with leaf 1,
the tiller had to grow two new leaves to attain its full size, and the same was true when
only leaf 0 was grazed. Thus, on average a tiller produced 1.65 new leaves to attain its
maximum size after being grazed. The number of days required for a leaf to reach its
final size was on average 12.1±0.95 (averaged for n=501 tillers). Subsequently, we can
calculate the number of days that a Puccinellia tiller required to attain its maximum size
after grazing as (maturation time per leaf)×(number of leaves grazed)=12.1 ×1.65=
20.0 days.
The growth rates of Puccinellia tillers after grazing were similar in 5 successive 4-
days periods (in April: F4,297=1.89, P=0.112; in May F4,300=0.129, P=0.972). Similarly,
growth rates did not differ between grazed and exclosed areas (in April 1.61 and 1.76
mm day
-1,r espectively, F1,309=3.332, P=0.07; and in May 1.27 and 1.22 mm day
-1,
F1,227=0.311, P=0.58). The observations suggest therefore that plant growth was not
affected by grazing at the intensity exerted by the geese, and also that the regrowth fol-
lowing grazing was a linear process. Thus, we can reconstruct the size of a tiller as a
function of the number of days after the moment of grazing (Fig. 5B). Combining (i)
the intake rate related to tiller size, and (ii) the tiller size after grazing gives the time
response (Fig. 5C). The expected grazing interval, the one that provides the largest inta-
ke rate measured over time, is 20 days. Obviously, the average interval of grazing
Puccinellia tillers chosen by the geese (average 18.7 days, n=200, Fig. 5C) was close to
the expectation of 20 days, although the variation in intervals is large. 
Given the optimal grazing interval for Puccinellia tillers, the percentage of tillers
grazed per visit can be plotted against the relative visit interval to different study sites
(Fig. 6). In four of the six study sites the relative interval was almost equal to the per-
centage of tillers grazed, which means that the geese grazed a maximal amount of Puc-
cinellia, with the highest intake rate they could achieve. Two of the sites were under-
grazed. 
The Puccinellia study sites can be separated into three groups depending on the fre-
quency of visits and the percentage of plants grazed (Fig. 6): 1) short intervals and
intensively grazed, 2) long intervals and intensively grazed, 3) long intervals and not
intensively grazed. If geese were taking leaves as available in the sward, we would
expect these groups to exhibit a trend of increasing leaf age. However, the average age
of the leaves at the moment of grazing appeared similar among the groups (12.7, 13.2
and 11.9 days, respectively, F3,443=1.12, N.S.). We conclude therefore that geese inges-
ted food of similar quality irrespective of the grazing pattern. 
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Grazing of Plantago
Throughout spring Plantago rosettes were grazed to approximately 1.5 mg per rosette
(Fig. 7). This lower acceptable size of Plantago was related to the intake rate of
Puccinellia: Plantago was grazed until the intake rate dropped to a level comparable to
that of Puccinellia (Fig. 8A). Indeed, at that moment geese exhibited a shift in food
choice from Plantago to Puccinellia (Prop and Loonen 1989), first by exploiting the
Puccinellia in between Plantago, and finally by moving from the Plantago areas to the
Puccinellia swards.
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Fig. 6. The percentage of Puccinellia and Plantago plants grazed in relation to the relative interval
between visits by brent geese. Consequences of grazing regimes below the 1:1 line are discussed in
the text.
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2, F2,3=32.7, P<0.01). The lower threshold value of Plantago grazing (1.5 mg
per rosette, see Fig. 7) can be explained by comparing intake rates of Plantago and Puccinellia. 
B. Regrowth of Plantago rosettes after grazing (y=0.452+0.379x+0.045x
2, F2,11=4302, P<0.0005,
based on repeated measures of 98 rosettes). C. The intake rate of brent geese feeding on Plantago
in relation to the time since the last visit. The tangent to the curve predicts the interval between 
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The intake rate of geese feeding on Plantago was positively related to the size of
the plants and reached an upper limit of approximately 20 mg sec
-1 when the rosettes
were larger than 6 mg (Fig. 8A). After being grazed Plantago rosettes showed a reco-
very phase of several days when some of the leaves died and when several new leaves
started to grow (Fig. 8B). The intake rate of Plantago feeding brent geese in relation to
the number of days elapsed after grazing (Fig. 8C) reflects both the recovery of
Plantago after grazing, and the maximal food intake rate of the geese. When drawing
the tangent to the curve, we accounted for the minimum intake rate of 2 mg sec
-1 when
feeding on Puccinellia. The optimal interval of grazing Plantago rosettes predicted by
the model appears to be 6 days. The interval that individual rosettes were grazed ap-
peared to be close to the prediction with 6.0 days (±1.30, n=383). 
The percentage of rosettes grazed per visit was 98.0% (averaged for the four study
sites). Plotting this percentage against the relative visit interval to different study sites
(Fig. 6) shows that the visit interval to Plantago areas and the percentage of rosettes gra-
zed per visit corresponded to a grazing regime that maximized the total amount of
Plantago grazed.
Discussion
Spring staging geese have to ingest large amounts of food to deposit body stores nee-
ded for migration and early reproduction (Prop et al. 1984). We investigated which fora-
ging rules (Krebs 1978) the geese follow to achieve the high rates of food intake. 
During each visit, the geese were reliant on the new growth of the food plants by
removing the recently produced tissues. In general terms, grazers that rely on the re-
growth of food have to offset the intake rate which they can achieve against the higher
intake rate when returning later, and after giving the plant a chance to grow. In our
model, geese balanced the current food intake rate and the number of times to graze a
plant, and the optimal timing of grazing depended on the growth of food plants and on
the functional response. Although individual Plantago and Puccinellia plants were grazed
at different intervals, every 6 and 19 days respectively, the time schedule of grazing
maximized for both species the intake rate that the geese were able to obtain from indi-
vidual plants, averaged over the staging period. If geese would graze the plants at shor-
ter intervals than the optimum, they would achieve sub-maximal intake rates. If instead,
geese chose to graze plants at longer intervals, this would not improve the intake rate of
Puccinellia because leaves would die from ageing. And longer grazing intervals of
Plantago would result in slightly higher intake rates, which would not compensate how-
ever for the longer interval. Moreover, the large intake rate achieved after postponing
grazing could easily lead to a digestive bottleneck (Prop and Deerenberg 1991).
If geese aim to graze individual plants often, they have to visit the area where the
plants occur accordingly. This was the case for Plantago, of which individual plants
were grazed on average every 6 days. Because Plantago rosettes were grazed to a lower
threshold, corresponding to the intake rate of Puccinellia (Fig. 8A, Prop and Loonen1989), all rosettes gave a higher return to the geese than Puccinellia when the geese re-
visited the area. This explains why during a single visit almost all rosettes were grazed.
It follows that the optimal interval to visit Plantago areas was similar to the optimal
interval to graze individual plants. 
On the other hand, a high frequency of visiting an area does not necessarily mean
that individual plants are grazed often, as shown by the example of Puccinellia. Because
it took a long time before a tiller had reached a profitable size, geese showed a strong
preference for larger tillers (Fig. 4), and they ignored the smaller ones. Thus,
Puccinellia grazing was a continuous scanning for full-grown tillers. For Puccinellia it
is not straightforward to understand, whether a low percentage of the tillers was grazed
per visit because of the high frequency of visits, or whether the geese aimed to take a
low percentage per visit and as a consequence were able to return frequently. We have
arguments for both options. First, like in Plantago we expect that there was a lower level
of acceptance, although this was not identified by us. If true, this lower level must have
restricted the percentage of tillers grazed. Secondly, the distance from the roost might
have affected the pattern of visits, and we can conceive that the frequent visits to the
Puccinellia zones, which are close to the water edge, was facilitated by their favourable
position relative to the roost. We can think of a similar mechanistic explanation for the
decision when to return to previously visited Plantago areas. We frequently observed
that goose flocks entered the periphery of the Plantago-area but retreated to return later
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Plantago maritima.in time. It is tempting to see this as a rejection of the area when food conditions were
still below a threshold value (4 mg per rosette, see Fig. 7). As an alternative, the length
of intervals between successive visits to the Plantago areas could result from the birds
avoiding the tall vegetation between the Plantago stands as an anti-predator behaviour.
In both Puccinellia and Plantago, the percentage of plants grazed per visit and the
interval between visits were tuned such that the geese cropped the maximal amount of
food over the season. If geese would graze the salt marsh more intensively, either by
more frequent visits or by taking a higher percentage of plants per visit, this would
result in sub-maximal intake rates of food. Such regimes of overgrazing would therefore
impair the prospects of successful reproduction (Ebbinge 1979). In contrast, the fora-
ging performance of the geese could lead to ‘undergrazing’ of the salt marshes, resul-
ting in incomplete use of food produced. Although such an undergrazing would not
affect the food intake of the individual grazer directly - in fact it could be beneficial for
geese at the rear end of the flock (Prop and Loonen 1989) -, our data suggest a problem
of this regime for the following reason. Geese digest food incompletely, and they have
to select therefore food of high quality (Prop and Vulink 1992). We observed that the
interval of visits and the percentage of plants grazed per visit had no consequences for
the quality of Puccinellia taken by the geese (as measured by the age of the leaves). This
is surprising because longer intervals of grazing and a lower intensity of grazing must
lead to more older leaves available (Prins et al 1980), and hence to a lower average qua-
lity of food (Dale 1982). This suggests that in areas that were visited less often, or grazed
less intensively, geese were more selective to obtain the same quality as in intensively
used areas. We speculate that long intervals between grazing provide geese with incre-
asing difficulty to select high-quality food. Long periods of exclosing can make an area
unsuitable at all, and Bazely and Jefferies (1986) showed that an area exclosed for two
years even remained ungrazed after removing the fence. The presence of older leaves is
likely to hamper the geese taking the fresh leaves, and one of the advantages of an inten-
sive grazing regime may be the effect on the structure of the vegetation (Rhodes 1981),
especially the distribution and arrangement of the above-ground parts. Grazing thus
enhances a 2-dimensional distribution of the appropriate younger leaves, a prerequisite
for the constant, high pecking rate of the geese. 
This study examined the way that brent geese moved through the feeding area in
space and time, and aimed to relate this to the foraging success. The role of a reple-
nishing food supply was a key factor in this system, like it is in, for example, nectar-
sucking birds revisiting the same flowers (Gill and Wolf (1975). Our observations are a
direct support for the hypothesis that numbers of brent geese had reached the maximum
that the study salt marsh could support, although we can not exclude the possibility that
some parts of the salt marsh were suitable but not used at all. We suggest that combi-
ning data on the grazing of individual plants and, on a much larger scale, the visits to
units of the feeding grounds will be a fruitful approach to understand the problem of
carrying capacity (Hansen 1992).
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Dense flocks of geese rapidly deplete their food.Chapter 8
Goose flocks and food exploitation: the importance of
being first
Jouke Prop and Maarten J.J.E. Loonen
Abstract
Flocking is a compromise between costs and benefits, and we argue that the degree of benefit
depends on individual position within the flock. By continuous observations from a tower, com-
plete film records of all feeding visits by brent geese Branta bernicla bernicla to selected plots
during the spring staging season were obtained. Analysis of these films coupled with before-and-
after stereo photos of the vegetation confirmed that the vegetation was rapidly depleted, resulting
in less than 10 individuals using patches of 800 cm
2 covered by the initially preferred food plant
Plantago maritima. The lower level of acceptance appeared related to the intake rate of the alter-
native food species Puccinellia maritima. The first birds that visited the plots had a higher inta-
ke rate and tended to make a different selection from the plants on offer compared with birds at
the rear end of the flock. The diet composition appeared a good predictor of the birds’ foraging
success. The large asymmetries in resource allocation became evident from the use of Plantago;
only 12% of the individuals took 50% of the total crop. The film analyses suggested that succes-
sful Plantago feeders, which spent long times in rich patches, lost their front position in the flock.
To catch-up with the front birds they walked fast while temporarily feeding on Puccinellia. The
herbivores studied faced similar problems as many predators do, i.e. their food was distributed in
a patchy way and stocks were rapidly depleted. Optimal foraging theory developed for predators
is therefore an appropriate tool to understand foraging decisions in herbivores.
Published in Proceedings of the XIX International Ornithological Congress, Ottawa,
page 1878-1887 (1989)
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Food depletion is a common phenomenon in nature. It will be familiar to anyone who
has read about insect plagues, impressive both by scale and by impact. It has taken far
longer to appreciate that, under other circumstances, food depletion is the rule rather
than the exception. In optimal foraging models that explain the time spent by a preda-
tor in a habitat patch, the depleting influence of the predator itself on its food supply is
a central assumption (‘resource depression’, Charnov et al. 1976). In field studies, a
change in observed intake rate, or a decline in residence time in a patch, or some com-
bination of these parameters, is often the only evidence obtained relating to depletion.
In such cases, it is not clear whether the consumer has captured so many prey as to
deplete the local supply, or whether the actions of the predator have reduced prey avai-
lability at least locally and temporarily (Pyke 1984). A study on food depletion, and how
it affects habitat use, diet, and time allocation of the consumer, therefore depends on the
ability to monitor the food stock more or less continuously.
We studied the dark-bellied brent goose Branta bernicla bernicla,w hich is an her-
bivorous bird that for much of the year lives in large flocks. By choosing a surface-fee-
ding herbivore, we were able to measure the food supply by non-destructive methods
and to follow the fate of the plant parts that were sampled. Prins et al. (1980) described
a cyclic pattern in brent geese exploiting the feeding grounds, postulating that the food
supply was depleted during peak grazing and that the geese during each revisit were
relying on the regrowth of their food plants. Our aim is to demonstrate the reality of
food depletion by a flocking species, document the time scale on which it operates, exa-
mine the influence of depletion on food choice, and finally relate those changes to the
fitness of the individuals comprising the flock.
Methods
Data were collected in 1984 on a salt marsh of the island Schiermonnikoog, The
Netherlands, where about 100 ha were used throughout May by a total number of 800
to 1000 brent geese. Important for the brent geese was a pronounced zonation in the dis-
tribution of plant species. Plantago maritima, one of the food plants for the brent geese,
was found in zones just above the water level during high tide. Our intensive study area
(Fig. 1) was situated across this Plantago zone. Plantago occurred there in distinctive
patches, varying in size from a few to several hundred rosettes. Puccinellia maritima,
the other prominent food plant for the geese, formed a sward covering most of the
remaining parts of the study area.
To quantify the food stock, the vegetation in the study area was sampled repeated-
ly by stereophotographs of marked plots (40×20 cm). The photographs were used to
measure all Plantago blades present in each plot, and, by comparing photographs on
subsequent days, we assessed the growth or the quantity of Plantago and Puccinellia
removed by geese.
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the foraging behaviour of the geese was related to changes in the amount of available
food. For this purpose, the visits on three days in May were recorded on 16-mm film (10
frames per second), from an observation tower 4 m high and about 10 m from the obser-
vation quadrangle. On a film analyser, all pegs marking the sampling plots were visible.
In this way, the use of the plots by individual geese was assessed as the number of pecks
directed to the plot, and as the number of sec spent grazing in the plot. Thus, the total
amount of material removed from each plot and the total grazing time during each flock
passage were known. This allowed us to calculate a mean food intake rate per plot.
To test if changes in intake rates affected food choice by the geese, the following
analyses were carried out using the films.
• To reconstruct the tracks of the geese during their passage through the study area, the
position of every goose on the film was plotted for every second with a digitiser. The
tracks of the geese could be mapped on the coordinate system of the observation
quadrangle (Fig. 1). Tests with dummy geese showed the accuracy of the plotted loca-
tions to be within 10 cm. The position coordinates enabled us to calculate the walking
speeds and the linearity of the tracks (the shortest distance between the positions of a
goose at 10-s intervals divided by the total distance walked in each interval).
• The activity of every goose was determined for every 0.1 s. Activities distinguished
were feeding, agonistic interactions, and otherwise. Most of the time was spent fee-
ding (87%), averaged over all individuals.
• As brent geese showed a distinctive head and neck movement during Plantago fee-
ding compared to Puccinellia feeding, it was possible to discriminate between periods
of feeding on each of the food plants. This was done for each of the individuals visi-
ting the observation area.
Flocks deplete food
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2 m
2 m
Plantago maritima Limonium vulgare Spartina townsendii mud
Fig. 1. The study area with the most important food plants, patchily distributed Plantago maritima
and the sward-forming Puccinellia maritima (covering the blank area). All tracks of the 67 indivi-
dual geese that visited the area on 26 May are shown. Time elapsed from first to last goose is 0.5 h.Results and discussion
Food stocks and flock visits
The observation quadrangle was visited several times by a flock of brent geese in the
second half of May. The grazing resulted in a decrease in the standing crop of Plantago
to a level of about 1000 mm per 800 cm
2 (sum of all blade lengths) (Fig. 2). The visit
on 18 May was ended by a disturbance before the whole flock had moved through the
quadrangle, and the passage the next day can be seen as a continuation. In contrast, the
new growth of Plantago seems responsible for the flock visits on 22 and 26 May.
Overall, about 65% of the above-ground Plantago production was consumed by the
geese before their departure at the end of May. This rate of utilization is in the upper
end of the range reported elsewhere for herbivores (e.g., 50-80% of Salicornia stocks
were grazed by Wigeon Anas penelope,V an Eerden 1984; 40-70% of the seed stock was
taken by finches, Pulliam and Enders 1971).
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Fig. 2. Food stock of Plantago (sum of all blade lengths), as measured in five sample plots of 800
cm
2 each. Intake rate for Plantago on the three visits is shown together with the importance of
Plantago feeding (note that time-budget data underestimate the proportion of Plantago in the diet).
The threshold level for goose exploitation is derived in Fig. 4.
Plantago patch use
On all days, the geese showed a declining ‘residence time’ (Krebs 1978) in the plots:
the more predecessors a goose had in a plot, the shorter the time it spent there (Fig. 3).
Drent and Van Eerden (1980) observing patches of undefined size found a comparable
trend, although without having the opportunity to relate the performance of the geese to
the food availability. In most cases, our plots were visited by less than 10 individuals,
which underlines the high rate of food depletion within a single patch.
As a following step, the use of the plot can be related to the food available. For this
purpose, observations were used only when relevant data on food availability existed,as with the first geese visiting a plot immediately after a photo sampling, or when the
photo sampling was immediately repeated after departure of the flock. Use of the plots
was closely related to variation in the food supply (Fig. 4). Data sets from different days
seem to fit the same line, and we explain therefore the observed differences in grazing
pressure per plot (Fig. 3) by differences in food availability. From Fig. 4 we conclude
that patches were ignored after reaching a level of approximately 1000 mm per 800 cm
2
(sum of all blade lengths), which we interpret as a lower level of acceptance.
As on each grazed plot the mean food intake rate and the mean food availability
(average of the food present before and after the grazing episode) were known, we
reconstructed the relationship between food intake rate and food availability (Fig. 4).
This shows that the lower level of acceptance for Plantago occurs at an intake rate of
approximately 3 mg sec
-1.
Puccinellia exploitation
For Puccinellia-dominated plots, we obtained no proof of any trend in goose usage
during a flock passage; nor we found any considerable differences in intake rate
between days. We conclude that in these circumstances there is no evidence of deple-
tion of the Puccinellia stock. The intake rates for Puccinellia were on average 2.5 mg s
-1
(SD= 0.59, n=15, Fig. 4), a value close to the lowest intake rate for Plantago (ca. 3 mg
sec
-1). This point will be reconsidered later.
Intake rates and food choice
When comparing intake rates during three successive visits to the observation quadrangle
(see Fig. 2), a drastic drop is discernible for the Plantago feeders. An inconsistency
Flocks deplete food
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Fig. 3. Feeding by brent geese in plots in relation to the order of visitation, from film (mean of two
to four plots per day). Plots on 26 May accessible to the geese for the first time after having been
protected by an exclosure receive an accumulated grazing time comparable to the sum of all 3 d in
other always accessible plots.appears when comparing trends in the Plantago supply and Plantago intake rate: a res-
toration in the amount of Plantago available between 22 and 26 May was followed by
a further decline in the intake rate. We think this can be explained by a change in the
growth form of the Plantago plants after the first grazing: in contrast to the original ver-
tically directed blades (easily cropped by the geese), the new growth consisted of hori-
zontal, prostrate blades. This might confuse the relationship between food supply (as
measured by photographs) and the intake rate, although it is an interesting example of
an effective anti-grazing response by Plantago. Changes in the daily intake rates were
accompanied by changes in the proportion of Plantago feeding in the observation area
(Fig. 2), and highest intake rates coincided with highest proportions of Plantago fee-
ding. This relationship indicates that changes through the season in the availability of a
preferred food species result in a diet shift to other plants.
Shifts in the diet
To analyse diet choice in relation to food availability in more detail, the observation
quadrangle was divided into squares of l × 1 m, which were considered as entities
exploited by the geese. For our purpose, only that part of the study plot where both food
plants occurred is taken into account, i.e., the right part in Fig. 1. Having the choice
between two food species, the first geese exploiting the area consumed mainly Plantago
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(Fig. 5). With an increasing grazing pressure, the importance of Plantago in the diet
declined in favour of Puccinellia. The same trend existed in less heavily grazed squares,
although these lacked the high initial rates of Plantago feeding (inset of Fig. 5). This
suggests that the total grazing pressure per square meter was dependent on the harve-
stable amount of Plantago. The total grazing time per square meter was affected by the
number of geese visiting the area (Fig. 6), but even more strongly by the foraging beha-
viour of the individ-ual geese visiting the squares. Individuals spent more time in
squares receiving a high grazing pressure, and this was the result of the combination of
a lowered walking speed and a decreased linearity of the path of a goose (the area-res-
triction effect, Smith 1974). The better foraging conditions in the more intensively used
parts are also reflected by the positive relationship between the percentage of the time
spent feeding and grazing pressure (Fig. 6). Better places thus were more intensively
used by the geese, that we suspect detected the better spots from a distance of several
meters. 
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Fig. 5. The proportion of Plantago feeding in relation to cumulative grazing time per square meter
(restricted to cases with more than 5 min grazing time per square meter). The inset shows the trend
in the less heavily visited squares (accumulating 2, 3, and 5 goose-minutes).
The individual faced with a declining food stock
Before the depletion of Plantago, when this plant became unimportant to the geese (Fig.
5), on average only 100 sec were spent per square meter. How was the foraging beha-
viour of the individual affected by this rapid depletion and the resulting need to shift to
another food plant? Summed over all squares, nearly 50% of all goose-seconds were
spent in the last unfavourable 2 min of foraging in a square. In fact, 50% of all time
spent feeding on Plantago involved only 12% of the individuals (Fig. 7), and 27% of all
geese crossing the observation area did not ingest Plantago at all. Clearly there was an
unequal allocation of the food supply among the individual geese, and only a minority
was able to benefit from the high return from taking Plantago.Chapter 8
132
0
20
40
50
30
10
m
e
a
n
 
v
i
s
i
t
 
t
i
m
e
/
g
o
o
s
e
/
m
2
 
(
s
)
8 246
grazing pressure (goosemin/m2)
0
0
20
10
10 12
n
.
 
v
i
s
i
t
i
n
g
 
g
e
e
s
e
/
m
2
60
80
100
%
 
f
e
e
d
i
n
g
 
t
i
m
e
Fig. 6. The feeding intensity, number of visiting geese, and mean residence time in relation to the
grazing pressure on the basis of values for different square meters in the observation area. Squared
correlation coefficients are 0.104 (P=0.05), 0.244 (P<0.02), and 0.840 (P<0.001), respectively.
30
0
1200
1600
400
800
c
u
m
u
l
a
t
i
v
e
 
f
e
e
d
i
n
g
 
t
i
m
e
 
o
n
 
P
l
a
n
t
a
g
o
 
(
s
)
10 20 40 50 60
rank of individuals
5
0
%
 
P
l
a
n
t
a
g
o
8
/
6
7
 
=
 
1
2
%
no Plantago
18/67 = 27%
0
100
20
40
60
80
Plantago Puccinellia
Fig. 7. Rank of individuals according to cumulative feeding time on Plantago. Half the total
Plantago feeding time (as estimated from the head stance during pecking; see inset) is accounted 
for by a minor portion of the geese. Note that 27% of the birds obtained no Plantago at all.Flocks deplete food
133
To exploit a rich Plantago patch, a goose should - apart from defending the patch
against other individuals in the flock (Boyd 1953) - arrive on the spot before other
geese. Being earlier than other individuals requires fast walking, and from our film
records we suggest that some of the geese were attempting to achieve a leading posi-
tion. When a flock entered the observation quadrangle, we observed -besides the geese
that were eating Plantago - geese that passed the area walking much faster than the
others, and taking mainly Puccinellia (Fig. 8). We suggest that those individuals were
trying to secure better feeding positions in the flock, for the short term ignoring better
feeding spots and obviously accepting a temporary low intake by feeding Puccinellia.
For geese passing later, the difference in intake rates between Plantago and Puccinellia
was less marked, and so the advantage to stay before other geese also declined. We sug-
gest that this gradient of decreasing food availability was reflected by the declining dif-
ference in walking speed between the Plantago and Puccinellia feeders.
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Fig. 8. Trends in the walking speed for geese that fed predominantly on Plantago or on Puccinellia.
Only square meters with a grazing pressure of at least 5 min have been used in the analysis. Every
symbol represents the average walking speed per successive 40-s periods for all squares; the regres-
sion lines have been calculated on the basis of the ungrouped data.
On the longer term, the aim of this study is to relate the foraging behaviour of an
individual to its fitness, or more directly to its gain in condition. Those relationships are
being tested in the population under study, as outlined by Teunissen et al. (1985). Their
work showed that geese in the rear end of a flock had the lowest chance to return with
offspring the next autumn, compared with geese more in the front, which is consistent
with our observations. In our data, differences in individual performance might be part-
ly due to the short time scale considered. There may be compensation, and a goose that
achieves a low intake rate during a brief period might do better later. To place our obser-
vations in the context of a whole day’s foraging, we feel the need to follow individuals
for longer times at a stretch (Prop and Deerenberg 1991).Chapter 8
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Film shot of a brent goose flock.135
Stereo photographs are a powerful tool to assess food available to herbivores, and to determine the
amount of forage removed by grazers. Stereoscopic view allows distinction of the finest details of
food selection. These pictures of stereo-pairs were taken on the same day (16 May) before and after
passage of a brent goose flock. All rosettes of Plantago maritima in the plot (20×20 cm) were 
grazed, whereas only the largest tillers of the grass Puccinellia maritima were removed. 136
A peregrine falcon defends its two nestlings, thus protecting the red-breasted geese nesting in the
close proximity of the eyrie.137
Chapter 9
Constrained by available raptor hosts and islands: density-
dependent reproductive success in red-breasted geese
Jouke Prop and John L. Quinn
Abstract
In this paper we aim to explain the distribution of red-breasted geese Branta ruficollis over dif-
ferent nesting habitats. To be safe from land predators red-breasted goose colonies were restric-
ted to i) islands on rivers, ii) cliffs with peregrine falcons Falco peregrinus, and iii) the close
proximity of snowy owl Nyctea scandiaca and rough-legged buzzard Buteo lagopus nests.
Among years nest site availability varied by fluctuations in numbers of owls and buzzards in
association with cycles in lemming abundance, but the total number of goose nests found in the
study area did not vary. The distribution of geese, in combination with data on reproductive suc-
cess, suggested a despotic mechanism: at cliffs, goose numbers were constant among years with
an invariably high reproductive success, whereas large fluctuations in numbers on islands coin-
cided with opposite trends in success. Apparently, geese nesting with owls or buzzards moved to
the few islands present in the study area during years when these birds of prey were absent.
Consequently, in such years the average density of geese on islands was more than twice as high
as at cliff colonies (5.4 and 2.3 pairs per ha of foraging habitat, respectively). Colony size at cliffs
may have been restricted by territorial behaviour of the geese, though there is evidence that, addi-
tionally, the host falcons also limited the number of nesting geese. Apparently rare in closely rela-
ted species, we observed a negative density-dependent effect on reproductive success during the
nest phase, and attribute this to limited food resources, reinforced by the high frequency of terri-
torial interactions. This leads to the conclusion that, in addition to predation pressure, nesting
density is an important agent in the link between lemming cycles and goose breeding success.
Published in Oikos 102: 571-580 (2003) ©Introduction
Understanding breeding habitat selection has traditionally been an important issue in
population ecology (Lack 1954, Newton 1998). The ‘ideal free’and ‘ideal despotic’dis-
tribution theories (Fretwell and Lucas 1970) provide approaches that can be used as a
guideline to interpret the distribution between habitats. Important assumptions of the
ideal free distribution are that individuals have perfect knowledge of the habitat that
gives the highest reproductive success, that they are free to move to any habitat and that
all individuals suffer any density-dependent effects equally (Fretwell and Lucas 1970).
One such effect sometimes observed among birds is when high densities impair repro-
ductive success. The theory predicts that all individuals are distributed so that they enjoy
a similar reproductive success. In contrast, the theory of ideal despotic distributions
assumes individual variation in the ability of obtaining resources. The best competitors
are assumed to occupy the most favourable habitats resulting in differences in average
reproductive success among habitats (Bernstein et al. 1991). Ideal free and despotic dis-
tribution theories thus provide different predictions, which allow the main factors deter-
mining the distribution over different habitats to be identified (Sutherland and Parker
1985, Sutherland 1996).
In this paper we examine the distribution and reproductive success of red-breasted
geese Branta ruficollis. Their breeding distribution across the Siberian tundra is notable
for two reasons. First, being the smallest goose species in the region, and lacking the
cryptic coloration of other related species, the red-breasted goose is particularly vulne-
rable for predators like arctic foxes Alopex lagopus. Hence, the need for safe nesting
areas constrains the number of potential colony locations (Dementiev et al. 1952). The
geese mainly use three colony types that are thought to meet this criterion: cliffs with
peregrine falcon Falco peregrinus eyries, sites close to snowy owl Nyctea scandiaca and
rough-legged buzzard Buteo lagopus nests, and islands on rivers (Cramp and Simmons
1977, Quinn et al. 2003). The first two types are thought to be safe because the birds of
prey exclude predators from the immediate area around their own nests (Krechmar and
Leonovich 1967), even if sometimes the geese pay costs because of the aggressiveness
of their hosts (Quinn and Kokorev 2002). The second salient feature of red-breasted
goose distribution is the annual fluctuation in the availability of safe sites. Even though
peregrine falcon eyries and islands are permanently available to the geese, owls and
buzzards are only present once every three years when lemmings are abundant (Potapov
1997, Quinn et al. 2003). Due to these large and regular fluctuations in available nes-
ting locations, the red-breasted goose provides a good model species to study factors
that determine colony type selection, colony size and the distribution of geese on the
breeding grounds.
Using the predictable reduction in the number of suitable nest sites for red-breasted
geese in non-peak lemming years, when owls do not breed, we tested the key prediction
of the ideal free distribution that colony size should increase both at cliffs and on islands
in such years. We also tested if there was any evidence for despotism, as would be sug-
gested by asymmetries in reproductive success among habitats. First, we tested if the
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138reproductive success of red-breasted geese performed in a density-dependent way by
comparing reproductive success and number of breeding pairs for separate colony loca-
tions over the years. As food is among the major resources constraining populations in
the models considered above (Newton 1980), we asked if food availability determined
colony size and if the behaviour of host falcons was also likely to be important. Finally,
we explored the implications that nesting near raptors has on food availability to red-
breasted geese. We did this by comparing the nesting density and energetic require-
ments of red-breasted geese with raptors and on islands to those of other closely related
species in a comparative analysis. 
Methods
Study area
This study was conducted along the valleys of the Pura and lower-Pyasina Rivers, and
of their tributaries, in central Taimyr, Russia (centred at 73ºN 86ºE, Fig. 1). Five loca-
tions were selected for detailed observations on goose foraging behaviour. Two were
located on islands; the others were situated on 10-30 m high cliffs on the river banks
(‘the mainland’) where the geese nested in association with peregrine falcons.
Density-dependent reproductive success
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Fig. 1. Geographical position of the intensively studied colonies (open circle= island colony, closed
circle=cliff colony) in central Taimyr.Colony size
Goose colonies were surveyed using a boat in the years 1995-1999, as detailed in Koko-
rev and Quinn (1999). For logistical reasons it was not possible to check all river stret-
ches in each year. To avoid bias in the analysis of number and size of colonies, obser-
vations were restricted to the range that was covered in at least three years. For the same
reason, one of the years when an important part of the range could not be visited (1998)
was excluded from analysis. Here the term ‘colony’ describes a site where at least one
pair of geese nested. In addition to those on islands and on cliffs associated with pereg-
rine falcons, we also distinguished colonies with snowy owls or rough-legged buzzards
(buzzards hereafter), which were usually on flat ground along the riverbanks but occur-
red generally only in peak lemming years.
Lemmings
As in many parts of the northern hemisphere, the abundance of Siberian lemmings
Lemmus sibiricus and collared lemmings Dicrostonyx torquatus in Taimyr follows a
cyclic pattern (Rykhlikova and Popov 2000). Annual abundance was assessed following
the scale of Kokorev and Quinn (1999), ranging from very numerous to almost absent.
For further analysis, years were grouped into peak (1996 and 1999) and non-peak lem-
ming years (1995 and 1997).
Colony habitat
Throughout most of the incubation period, three vegetation communities were impor-
tant to the geese (Prop and Quinn, unpublished): i) one dominated by Equisetum arvense
occurring on sheltered river banks; ii) one with a variety of graminoids and herbs in a
zone along the river-banks; iii) one composed of a large variety of herbs and some gras-
ses, found on the slopes of cliffs. Most of the remaining tundra was unattractive to red-
breasted geese. To assess the total area of foraging habitat available at different colony
locations, these plant communities were mapped in the field. Only areas within a radius
of 1.5 km from the colony were included, as incubating geese rarely flew further than
this, suggesting that this was the maximum foraging range. Mapping was time-consu-
ming and, therefore, was conducted only for the five intensively studied colonies. Goose
densities were calculated as the number of breeding pairs divided by the total area of
foraging habitat.
To further explain variation in colony size at cliffs, the following features were also
assessed at all colonies visited in 1999:
• Foraging conditions in the colony, as estimated by the proportion of the area covered
by vegetation on the face of the breeding cliffs. Direct observation showed that incu-
bating geese foraged extensively in the immediate area around their nests (the third
vegetation community type above).
• The relative aggressiveness of individual pairs of peregrine falcons was measured by
recording their territory defence behaviour when a decoy (domestic dog) was kept at
a set distance (15-20 m) from the nest, as detailed in Quinn et al. (2003). The number
of times the falcons stooped at the dog during a 2 min trial was recorded.
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Ingestion rates were determined to provide a measure of foraging conditions in the
intensively studied colonies. Rates were derived from estimates of dropping production
and digestibility of the food:
IR = ((W/Int)/(1-Dig))×(1+AshFood), where
IR = ingestion rate (g dry weight per min), W = dry weight of dropping (g ash-free), Int
= interval between successive droppings (min), Dig = digestibility of food ingested
(proportion of ash-free dry weight, based on acid detergent fibre (ADF) as a natural
marker (Robbins 1993), and AshFood = the average ash content of the food plants (pro-
portion of dry weight). The correction for ash content is required to express ingestion
rates on a dry matter basis and facilitates comparison with other studies. Dropping inter-
vals were recorded for males only, as feeding recesses of females were usually too short
to record intervals. We assumed that ingestion rates based on males’dropping intervals
reflected the foraging conditions for females. Throughout the incubation period, drop-
ping and plant samples were collected from major foraging areas. Samples of separate
plant species ranged in dry weight from 5 to 15 g. The number of fresh droppings found
for each sample varied from 5 to 25. Samples were dried to constant weight at approxi-
mately 60ºC and stored for later processing. In the laboratory, absolute dry weights of
dropping samples were determined, which gave the average dry weight per dropping.
The diet composition associated with each of the dropping samples was determined by
microscopic analysis of epidermis fragments (following Prop and De Vries 1993). Sam-
ples of droppings and plants were ground to pass a sieve of 1 mm, and were analysed
for ADF (Goering and Van Soest 1970) and ash (by incinerating samples at 500ºC).
Reproductive success
As a measure of reproductive success, we used the number of young hatched per nest
as estimated by the product of clutch size and nest success, each on the basis of averaged
values per colony location and year. Colonies were visited in the goose’s incubation
period (usually early July) to determine clutch size, and again after hatching (late July
to early August) to determine nest success. Nests were classified as successful when
eggshell fragments with internal membrane were present (Quinn and Kokorev 2002). 
Various sources of bias could have affected the results. First, clutch sizes were
recorded approximately 2-3 weeks before hatching, and we did not account for partial
loss of eggs or predation of goslings before departing from the colony. Geese nesting on
islands were most likely to suffer from these sources of loss due to the presence of
Taimyr gulls Larus fuscus taimyrensis on the islands. Therefore reproductive success
may have been overestimated for pairs on islands relative to those on cliffs. Secondly,
gosling mortality after colony departure was not accounted for. However, we expect no
differences associated with colony type in survival of goslings after departing from the
colonies, as broods from different colony types used the same foraging areas on river
banks, usually several km from the nest locations, and brood rearing conditions were
similar to all goslings.
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To evaluate breeding densities of red-breasted geese, observations were compared with
data for other goose species. For the purpose of comparison, differences in the energetic
requirements of geese during incubation were accounted for. We focused on colonial
breeding species in order to avoid complications when dealing with different nest distribu-
tion patterns. Most species feed within the boundaries of the nest territory during the egg
stage, and density is inversely related to territory size. Red-breasted geese and barnacle
geese use, in addition to the nest territory, a shared foraging area in the wide surroun-
dings of the colony (this study, Prop et al. 1984 ), and average territory size was calcula-
ted from the summed area of the colony and the shared foraging habitat. The total amount
of energy, which must be obtained from food ingested per pair (EP), was estimated as
EP = [(DEE-Store)female +(DEE-Store)male]×Inc,w here
DEE = daily energy expenditure was estimated after Afton and Paulus (1992). Inc =
duration of the incubation period in days was derived from Owen (1980a). Store = energy
derived from body stores was calculated from the daily body mass loss during incubation
(various sources in Afton and Paulus 1992) and energy density of the tissue (25.9 kJ g
-1,
Gabrielsen et al. 1991). When not available, body mass loss was interpolated on the
basis of a regression model with body mass and recess times as independent variables
(based on data in Afton and Paulus 1992).
Statistical analysis
Cliff and island colonies usually occurred in the same general location between years.
To avoid pseudoreplication, repeated measures tests were used, or colony location was
included as a factor in statistical tests. Variables were transformed to stabilise variance,
where appropriate. Variation in colony size with lemming abundance was tested by
taking maximum numbers of breeding pairs for peak and non-peak lemming years at
each colony location. The relative importance of colony features was explored by
regressing colony size on stoop frequency and vegetation cover in a stepwise forward
procedure (Norusis 1993). Density-dependence in reproduction was analysed by com-
paring variation in reproductive success to colony size within localities between diffe-
rent years using ANCOVA. Only locations with multiple records were selected for the
analysis. Concurrently, lemming year type and colony type were added to the statistical
model to test within- and between-location effects, respectively (Norusis 1993). In the
comparative analysis, due to the small sample size (n=7) we had to assume that data for
individual species were independent and, therefore, used standard regression techni-
ques. Values are given as mean ± standard deviation (SD).
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Variation in abundance and size of colonies
The total number of colonies did not vary by lemming year type or colony type 
(χ
2 =0.43, not significant), although colonies on islands tended to be slightly more
numerous during non-peak years (Table 1). Colonies associated with snowy owls and
buzzards occurred almost exclusively during peak lemming years (Quinn et al. 2003).
Colony size was on average 3.8±4.6 pairs (n=110). Geese breeding at cliffs and on
islands responded differently to lemming abundance (significant interaction term be-
tween colony type and lemming year, Table 2). During non-peak years, cliff colony size
was slightly lower than in peak years, whereas on islands geese were more than three
times as numerous. The total numbers of nests observed in peak and non-peak lemming
years, colonies with snowy owls and buzzards inclusive, did not differ (on average, 71
and 70 pairs respectively, (F1,2=0.0, n.s.). This suggests that geese switched from snowy
owls and buzzards to breeding on islands during the years when their hosts were absent.
Density-dependent reproductive success
143
Table 1. Number of colonies by colony type and lemming year type (summed over two years), modi-
fied after Quinn (2000).
islands cliffs
lemming year
non-peak 11 14
peak 8 15
Table 2. Red-breasted goose colony size in relation to lemming year type and colony type. Only
colony locations with observations in non-peak and peak years were selected (n.s.= non-significant).
Given are means±SD.
islands (n=6) cliffs (n=19)
lemming year
non-peak 12.3 ±13.6 3.5 ±2.5
peak 3.3 ±3.9 4.3 ±3.3
ANOVA (with repeated measures)
df F P
(colony type) 1 0.45 n.s.
lemming year 1 6.34 <0.02
colony type by lemming year 1 9.63 <0.005
residual 23
1Density and food availability
Colony size was positively related to both vegetation cover and the territory defence
intensity of the host falcons when the two variables were tested separately. Vegetation
cover showed the best fit (Fig. 2), whereas the partial correlation coefficient of stoop
frequency (after adjusting for vegetation cover) appeared not significant (0.39,
t12=1.35). So it seemed that food abundance at the cliff, rather than the aggressive beha-
viour of the falcons, affected colony size.
At the intensively studied sites, the maximum number of breeding pairs observed
over the years was positively related to the area of foraging habitat available (F1,3=44.0,
P<0.01). The maximal goose densities on islands (5.4 pairs ha
-1 in non-peak lemming
years) were on average more than twice as high as at cliffs (2.3 pairs ha
-1 in peak lem-
ming years) (F1,3=21.1, P<0.02). Densities in the opposite years were 2.15 pairs ha
-1 (-7%
relative to the maximal densities) and 1.25 pairs ha
-1 (-77%) for the cliff and island colo-
nies, respectively.
Density and ingestion rates
Ingestion rate varied between the five intensively studied colonies (Table 3). Variation
was mainly caused by differences in dropping weights, while differences in digestibili-
ty were not significant. Dropping intervals averaged at 7.41 min (±1.76, n=23), and
were assumed to be constant among colonies (F1,21=0.97, P>0.05, comparing two of the
colonies). Large variation in dropping weights in contrast to relative constant dropping
intervals is concurrent with patterns observed in barnacle geese, in which dropping out-
put among habitats differed by variation in mass of droppings and not by dropping inter-
vals (Prop and Black 1998). Average ingestion rates were negatively correlated with
goose densities (Fig. 3), suggesting that foraging efficiency was affected in a density-
dependent way.
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Fig. 2. Colony size plotted against vegetation cover at peregrine falcon cliffs (y= -1.41+0.082x,
r
2=0.62, n=18, P<0.01).Density-dependent reproductive success
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Fig. 3. Ingestion rate as a function of the density of geese on the foraging area (y= 0.23-0.02x,
F1,3=16.75, P<0.05). There is no difference detectable between islands (open circles) or cliffs (solid
circles) (F1,2=0.22, n.s.).
Table 3. Ingestion rate for each of the intensively studied colonies. Derived from dropping weights,
digestibility of food and dropping intervals. When significant, date was included in the model as a
covariate. Given are means±SD.
location year dropping weight digestibility ingestion rate
(g dry wt) (% ash-free) (g dry wt min
-1)
CROC1 1995 0.755 ±0.27 34.1 ±4.8 0.12 ±0.05
CROC2 1996 1.261 ±0.55 34.1 ±4.7 0.20 ±0.09
MB 1996 1.227 ±0.41 34.5 ±6.7 0.19 ±0.07
UPSI 1996 1.253 ±0.45 39.2 ±8.7 0.21 ±0.11
JAP 1997 0.955 ±0.17 39.5 ±9.5 0.16 ±0.03
F4,65=2.46, p=0.05 F4,38=1.11, n.s. F4,37=3.99, p<0.01
date F1,64=2.83, n.s. F1,38=6.63, p<0.025 F1,36=0.53, n.s.
Density and reproductive success
The reproductive success averaged across all localities is summarised in Table 4. In non-
peak lemming years, reproductive success was lower than in peak years, most notice-
ably on islands (the colony type×lemming year type interaction was significant). After
adjusting for lemming year and colony-type effects, reproductive success was negative-
ly related to the number of pairs breeding in a colony (Fig. 4). The slopes of the regres-
sion were similar for the two colony types (-0.40, Table 4), and show that reproductive
success fell by 25% when goose numbers doubled. Of the variation in reproductive suc-
cess within colony locations, 10% was due to colony size effects, the remaining varia-
tion was associated with lemming year type and colony type (58%), or remained unex-
plained (32%).Is red-breasted goose distribution ideal free?
The average reproductive success per colony type in peak and non-peak lemming years
is plotted against density (Fig. 5). Reproductive success was similar at the two colony
types during peak lemming years, even though densities at cliff colonies were higher.
Observations conform to the theory of an ideal free distribution, which predicts that ani-
mals should adjust their density between habitats of different quality such that all achieve
similar reproductive success (Milinski and Parker 1991). 
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Fig. 4. Reproductive success in relation to colony size and type (note the log scales). Lines intercon-
nect data points from the same location in different years. The grey line indicates the relationship
averaged across colony locations and years (log(y)= 0.82-0.40×log(x)). Statistics are given in Table 4.
Table 4. Reproductive success (nest success × clutch size) by lemming year type and colony type.
Average values refer to all observations, while the statistical test is for locations with multiple records
only. Colony size (number of pairs) is a covariate. Given are means±SD.
lemming year colony type
islands cliffs
nn
non-peak 0.78 ±1.47 6 3.25 ±2.07 17
peak 3.36 ±1.43 10 3.71 ±2.37 21
ANCOVA
df F P
location 17 3.4 <0.01
lemming year 1 12.6 <0.005
lemming year×colony type 1 13.4 <0.005
colony size 1 4.6 <0.05
(colony size×colony type) 1 2.1 n.s.
residual 15Density-dependent reproductive success
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Fig. 5. Reproductive success as a function of goose density by year and colony type. The dotted
lines show the function of reproductive success with density (see Fig. 4). The goose distribution was
despotic, with large numbers nesting on islands in non-peak lemming years resulting in low repro-
ductive success. In non-peak lemming years reproductive success was lower than expected on the
basis of nesting density alone which was attributed to a higher predation pressure.
How were geese distributed when the number of potential competitors aiming to
nest on islands or at cliffs increased because locations with owls and buzzards were un-
available in non-peak lemming years? Using the reproductive output during peak lem-
ming years as starting points, predicted reproductive success as a function of density is
given by the dotted lines (Fig. 5), where the slopes are derived from the model summa-
rised in Table 4 and Fig. 4. If geese were distributed in an ideal free way in non-peak
years, as they were in peak years, a proportionately similar increase in density could be
expected in both habitats (Sutherland 1983). This was not the case because geese on
islands occurred in much higher densities than expected and concurrently suffered
lower reproductive success (Fig. 5, solid line).
Densities in colonial geese: a comparative analysis
How did red-breasted goose breeding densities relate to those reported in other goose
species? In a between-species comparison, breeding density and the amount of energy
required during incubation were negatively related (Fig. 6). Densities of red-breasted
geese appear to fall well within the trend generated by the other species.
Discussion
Distribution: ideal or despotic?
Red-breasted goose distribution between nesting habitat types was strikingly different
between years. In peak lemming years, the average reproductive success was similar onChapter 9
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islands and at cliffs with raptors suggesting that the geese distributed in a way consis-
tent with an ideal free distribution. In the absence of snowy owls and buzzards in the
intervening non-peak lemming years, however, many geese nested on islands, even
though the reproductive success of geese nesting at cliffs was higher. Thus the predic-
tion of the ideal free distribution that individuals should distribute themselves so that
average reproductive success was similar between habitats was not met in these years.
Below we discuss why red-breasted geese were apparently distributed in a despotic way
in non-peak lemming years.
The assumption of perfect knowledge of all alternative breeding sites is unlikely to
be upheld in nature generally (Parker and Sutherland 1986), and thus it is tempting to
suggest that red-breasted geese nesting with snowy owls or buzzards in peak lemming
years were less effective in detecting peregrine falcon cliffs in non-peak years. We be-
lieve that this is unlikely, however, because early arriving red-breasted geese at pere-
grine eyries were highly vocal which should have greatly facilitated their detection by
other geese. It is more likely that individuals were not free to move to peregrine cliffs in
non-peak years because cliff sites were monopolised by dominant territory holders. The
red-breasted geese were territorial throughout laying and incubation (Prop and Quinn,
MS) and, coupled with the finding that falcons effectively protect an area of probably
no more than 200 m from the eyrie (Quinn and Kokorev 2002), territorial behaviour
could indeed limit the number of pairs nesting at falcon cliffs. Similarly, the observation
that numbers and reproductive success were constant at cliff colonies, in contrast with
the islands, supports the hypothesis that geese were distributed in a despotic way. We
Fig. 6. Breeding density of arctic-nesting geese related to the amount of energy that has to be deri-
ved from food ingested during incubation (y= 7.9-279(1/x)+3436(1/x)
2, F1,4=208.5, P<0.0001).
1=pink-footed goose Anser brachyrhynchus (Gardarsson 1976, Inglis 1977), 2=lesser snow goose
Anser c. caerulescens (Finney and Cooke 1978), 3=greater snow goose Anser caerulescens atlan-
ticus (Lepage et al. 1996), 4=Ross’ goose Anser rossii (Gloutney et al. 2001), 5=barnacle goose
Branta leucopsis (Prop and De Vries 1993), 6=dark-bellied brent goose Branta b. bernicla (Spaans
et al. 1993), 7=light-bellied brent goose Branta bernicla hrota (Madsen et al. 1989).Density-dependent reproductive success
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speculate that cliffs with peregrines were occupied only by the best competitors, where-
as individuals not able to settle at cliffs found a second-choice location on islands. 
Apart from the limitation of colony size by territorial actions of the geese, host fal-
cons could also have played a role in regulating colony size. Falcons may face a trade-
off between the advantage of an early-warning system provided by the geese on appro-
aching predators (Nuechterlein 1981, Burger 1984) and the disadvantage of their pre-
sence attracting predators (Curio 1976, Groom 1992). For the falcons there may be an
optimal number of goose pairs nesting around the eyrie. Red-breasted geese were attacked
frequently by their host falcons, resulting in risks of forced nest desertion for geese
(Quinn and Kokorev 2002). However, the risk of desertion was highest among nests
closest to the eyrie suggesting that these attacks are simply territorial in function. Never-
theless the idea of falcons regulating goose colony size warrants further investigation. 
The observed despotic distribution may not have been caused by intraspecific and
interspecific territorial effects alone. Benefits associated with returning to the same
habitat each year may have also played a role. Individual specialisation within popula-
tions is widespread among birds, ranging from food type selection by morphometric
adaptation (as in oystercatchers Haematopus ostralegus, Safriel (1985)), or choice of
species to parasitize (cuckoo Cuculus canorus,B rooke and Davies (1988)). We predict
that individual geese specialise in the host species they select and that those nesting with
snowy owls in peak lemming years also nest on islands in non-peak years by default.
Because red-breasted geese were frequently attacked by their hosts, specialising may
make them more efficient and skilled in avoiding the attacks of their particular host spe-
Early in spring, the availability of food on the tundra is low, and is therefore rapidly depleted.Chapter 9
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cies which are likely to employ different strategies when attacking. If true, this means
that geese are not free to move to any colony, as severe costs may be associated with
choosing a new host. Though many other examples of nesting associations exist, red-
breasted geese are unique within the guild of avian herbivores by being specialists in
exploiting raptor nest defence (Quinn 2000), and we postulate that they are further divi-
ded into individuals specialising on different hosts during the nest stage.
Density-dependent reproductive success
Food is one important potential agent underlying any density-dependency in reproduc-
tive success (Newton 1998). In our study species, there was a general match between
colony size and local food stock (either expressed as total foraging area available or as
proportional vegetation cover of cliffs). We also found a negative relationship between
food intake rate and goose density, and though the consequences of foraging conditions
on reproductive success require more study (Prop and De Vries 1993), there is proba-
bly a causal link between goose density, foraging conditions and reproductive success. 
There is little evidence for density-dependent effects on reproductive success during
the egg phase in other goose species, in contrast to the pre-fledging period when densi-
ty-dependency is strong (Williams et al. 1993, Larsson and Forslund 1994, Loonen et al.
1998, Drent et al. 1998) like in altricial species (e.g. Wiklund 1982). Clutch size in les-
ser snow geese was negatively correlated with colony size, though nest success was not
(Cooch et al. 1989). However, the effect on clutch size was attributed to food competi-
tion during spring migration rather than on the breeding grounds. Similarly, nest success
in barnacle geese in the temperate Baltic and in arctic Spitsbergen did not decrease with
growing colony size (Larsson and Forslund 1994, Drent et al. 1998). Bêty et al. (2001)
reported nest success in greater snow geese to be positively density-dependent.
However, they provided evidence that this relationship resulted from a confounding
effect of the timing of egg laying. Red-breasted geese may thus be exceptional among
geese in having a relatively strong negative density-dependent reproductive success
during the nest stage. The stronger density-dependent reproductive success in red-bre-
asted geese could potentially have been induced by higher nesting densities, but this is
refuted by the data in Fig. 6, which showed that red-breasted geese occurred in densi-
ties that were comparable to those of other goose species. Alternatively, we suggest that
red-breasted geese invest more in territorial activities than other goose species. Where
geese usually stop territorial behaviour soon after settling (Owen 1980a), intra-specific
conflicts persisted in red-breasted geese throughout the incubation period, which inclu-
ded lengthy flights along the territory boundaries (Prop and Quinn, MS). Thus, the den-
sity-dependent reproductive success may be, in part, a direct consequence of additional
energetic costs imposed by territorial behaviour.
Density-dependence and lemming cycles
Several arctic-breeding bird species, not directly dependent on lemmings, show a cyclic
pattern in annual reproductive success that fluctuates with lemming abundance (Sum-
mers 1986, Ebbinge 1989). The alternative prey hypothesis has been much emphasizedDensity-dependent reproductive success
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in explaining this synchrony, where predators switch to alternative prey when their pre-
ferred food is absent (Summers and Underhill 1987, Bêty et al. 2001). Similarly, we
found that reproductive success in red-breasted geese was highest when the abundance
of lemmings, the preferred prey of arctic foxes, was high but that foxes probably
switched to feeding on alternative prey like the eggs of geese when lemmings were scar-
ce. Together with the absence of breeding territories of owls and buzzards as safe places
to nest (Kokorev and Quinn 1999, Bêty et al. 2001), the higher predation pressure pro-
bably explained why more red-breasted geese moved onto islands in non-peak lemming
years. The low number of islands suitable for goose breeding made the geese cluster in
large aggregations. Our observations agree with earlier studies (Summers and Underhill
1987, Bêty et al. 2001) that predation pressure and the availability of raptors, in con-
junction with lemming cycles, were important determinants of annual variation in
reproductive success (Table 4). On the other hand, the alternative prey hypothesis does
not clarify why, in years with low predation pressure, red-breasted geese dispersed from
river islands to raptors, as each of the nesting habitats was safe from predators. We
believe that the density dependence detected in this study provides an explanation for
the dispersal. The geese realized a higher reproductive success in smaller colonies, and
nesting near raptors thus facilitated the escape from dense colonies. The closely related
brent goose seems to follow a similar strategy by moving from large colonies on off-
shore islands to small aggregations close to snowy owls during peak lemming years
(Spaans et al. 1993, Summers et al. 1998). 
To conclude, our data suggests that red-breasted goose distribution across nest habi-
tats is despotic and that cliffs with falcons are preferred over islands. The precise
mechanisms remain to be elucidated but here, and in previous papers, we have identi-
fied foraging conditions, the availability of raptor nests and the behaviour of the raptor
hosts as key factors. The widely scattered nests of raptors have provided red-breasted
geese with a network of safe nesting places that has allowed them to escape the negati-
ve density-dependent effect on reproductive success of larger colonies on islands.
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Chapter 10
Interference competition, foraging routines and reproductive
success in red-breasted geese: fight or flight?
Jouke Prop and John L. Quinn
Abstract
We explored the interrelationships between aggressive behaviour, foraging success and subse-
quent reproductive success in an Arctic herbivore, the red-breasted goose Branta ruficollis. Data
were collected on breeding females from a colony in the Siberian arctic during their brief incu-
bation breaks. Females fed primarily on Equisetum and graminoids at the start and on herbs to-
wards the end of these breaks. The amount of food they ingested was constrained by the volume
of the oesophagus and by the need to resume incubation rapidly. Diet choice varied among indi-
viduals; those selecting herbs followed a strategy of a time-minimizer due to the high intake rate
(and rapid oesophagus fill); others were nutrient-maximizers due to the larger amount of food
collected when selecting graminoids and Equisetum. If pairs were attacked by other geese, the
females skipped part of the foraging routine by shifting to herbs earlier, and generally they also
returned earlier to the nest. The apparent cost of being attacked was considerable because fora-
ging success fell by 25%, though this may have been outweighed by other potential (but immea-
surable) costs if the geese had stood their ground. Females that were most often attacked were
least successful in terms of food ingested but, unexpectedly, they produced most offspring. We
postulate that this was because high-quality individuals avoided interactions in order to minimize
other costs of standing their ground. Apart from costs directly associated with conspecific aggres-
sion, the geese may also risk attracting the attention of, and being attacked by, host peregrine fal-
cons Falco peregrinus,a   constraint generally not faced by other goose species. We argue that
body condition and experience with falcons are key factors determining the foraging behaviour
and reproductive success of red-breasted geese, and show that apparent dominance is not always
a good measure of fitness. 
SubmittedIntroduction
Animals can improve their nutritional balance by employing fixed foraging routines that
enhance foraging success (Roguet et al. 1998). Foraging routes during the incubation
breaks of many bird species start from the nest and can be explained by central-place
foraging theory (Stephens and Krebs 1986). Subsequently, finding food is likely to fol-
low a set spatial pattern based on knowledge of the environment that the animal has gai-
ned through experience (Giraldeau 1997). When routines are interrupted due to interfe-
rence competition, however, and when access to part of a scheduled foraging track is
prevented, the forager is forced to follow an alternative route. Thus, a fixed foraging
strategy may also make the forager more vulnerable to the effects of intra-specific or
inter-specific conflicts.
Many studies have shown that interference competition has an impact on foraging
decisions within groups of animal during the non-breeding season (Goss-Custard 1996).
Fewer have shown an effect among colonial species during the breeding season
(Giraldeau and Caraco 2000) and, of those that have, most have not shown the precise
mechanisms responsible. Furthermore, most studies have described impacts of compe-
tition in terms of net effects on intake rate but have failed to detect effects on foraging
routines, probably because often the study species have simple routines involving a
single type of food.
We studied the arctic-breeding red-breasted goose Branta ruficollis during the incu-
bation period and investigated the costs of intra- and inter-specific conflicts. As colonial
breeders, red-breasted geese may suffer from interference with conspecifics when fora-
ging (Prop and Quinn 2003). Moreover, the geese seek protection from land and aerial
predators by nesting close to the eyries of aggressive raptors (Dementiev et al. 1952,
Quinn  et al. 2003). Though the raptors inadvertently chase away predators of the
clutches of geese, they may also be a source of interference with foraging routines
(Quinn and Kokorev 2002). 
First we determined whether individuals sought to maximize nutrient intake or to
minimize time spent foraging by looking at the nutritional quality and the intake rates
of food items selected (Belovsky 1984). We then determined the effect of conflicts on
foraging routines, on food items selected and, hence, on food intake. Finally, if conflicts
have a negative impact on foraging success, we tested the hypothesis that this should
also affect reproductive success. 
Study area
This study was conducted in a red-breasted goose colony along the valley of the Malaya
Bystra river (72º16'N 85º50'E), central Taimyr, Russia (Fig. 1). The colony (seven pairs)
was located on the slopes of a 30 m high cliff, where goose nests were centred around
the eyrie of a pair of peregrine falcons Falco peregrinus (Fig. 1). Hides positioned at
various locations around the colony gave a good view of the birds on the nest and when
feeding. During the egg stage, females had frequent breaks from incubation. After cove-
ring their eggs with down, they foraged in the immediate surroundings of the nest or
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bation break, females were accompanied by their mates who do not contribute directly
to incubation. 
The study area was located at the southern edge of the arctic zone (Andreev and
Aleksandrova 1981), with average daily temperatures in July close to 6 ºC. We distin-
guished two main habitats important to the geese: (1) Shores, which were on the river-
banks with horsetail Equisetum arvense,a rctic marsh grass Arctophila fulva, cotton-
grass Eriophorum spp. on the lower, muddy zone and a variety of grasses, sedges (Carex
spp., Luzula spp.), herbs (Polygonum vivipare) and dwarf shrubs (Salix spp.) at a larger
distance from the water edge. (2) Slopes on higher grounds of the colony cliffs, with a
sparse cover of mosses, lichens, graminoids (grasses and sedges) and herbs (main food
species Astragalus spp., Minuartia spp.). Much of the remaining tundra was covered by
wet moss-herb mires intersected by barren, almost unvegetated gravel ridges (Dryas
plant communities). This was unsuitable as foraging habitat for the geese. We distin-
guished three main food types: graminoids (grasses and sedges), Equisetum, and herbs
(leaves and flowers). Salix spp. were included in the herbs category.
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raised shelf
Red-breasted Goose
Peregine Falcon
territory
200 m
50 m
Fig. 1. The study colony in Taimyr, Russia, with nests of red-breasted geese and peregrine falcon on
the slopes of a cliff. One of the nests was at a larger distance from the falcons’ eyrie without clear
territory boundaries. Geese foraged in the territories on the slopes or in the communal foraging habi-
tat along the river shores where most conflicts occurred (dark shading). The inset gives all foraging
habitat along the river used by the geese (dark lines).Methods
Incubation breaks
Daily patterns in activities were recorded by scanning six females, clearly visible from
the hides, on 12 days during 24-hour watches. Every five minutes the activities were
noted, and for the present analysis we distinguished between females on the nest and
those on an incubation break. Whenever possible we noted the exact times that geese
left the nest for a break and when they returned. The scans enabled us to calculate the
lengths of incubation breaks and the intervals between successive breaks, excluding
night time (1900h - 0700h), the coldest period of the day when goose activities were
low. We also recorded details of conflicts among geese, and between geese and falcons:
the initiator of each conflict, when they occurred, their duration and outcome. A con-
flict was defined as any antagonistic interaction between extra-pair geese or between
peregrine and goose.
Food intake
To compare behaviour when foraging on different food types or in different habitats,
foraging birds were observed for two-minute sample periods. The time spent feeding
(defined as having head down), the food type taken and the habitat occupied (shores or
slopes) were recorded during these samples. When geese shifted from one food type to
another during the two-minute sample, the record was not used in further analysis.
Similarly, records that included any activities other than foraging were skipped.
Following the two-minute samples, the time needed to complete 50 pecks was recorded
five times on the same food type, from which the mean number of pecks per min (PR)
was calculated. The feeding intensity (FI) was calculated as the ratio of total fee-
ding time to the total time recorded. Early in the season, the foraging behaviour and the
choice of feeding sites depended to a large extent on the availability of snow-free
patches; in order to exclude within-season effects, we restricted the analyses to obser-
vations collected from the second week of July onwards, corresponding to the last 2-3
weeks of the incubation period.
Instantaneous intake rates IR for each of the food types j were calculated as IRj =
PRj × BSj from peck rates and bite sizes (BSj). Bite sizes were obtained by collecting
samples of food items, and after drying and weighing by calculating an average weight
per unit. For Equisetum and herbs the units collected were the entities encountered in
the field (i.e. the branches, leaves or flowers), and sample sizes were chosen on the basis
of the size of the units, i.e. 1000 branches of Equisetum, and 100 leaves or flowers of
herbs. As geese took only part of the leaves of grasses and sedges, we determined the
length of leaves taken by marking 750 individual plants. All leaves were measured to the
nearest mm at intervals of no more than 5 days. Whenever a leaf was grazed the length
taken was calculated as the decrement in length. Subsequently, leaf lengths measured
were converted into weights. For this purpose samples of grasses and sedges were col-
lected and, after measuring their total lengths to the nearest mm, were dried and weig-
hed. The total lengths of the leaves of grasses and sedges amounted to at least 4000 mm
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and bite sizes (weighted means), grouped by periods of six days.
The digestibility Dig was estimated for each food type j from the nitrogen concen-
tration in food plants (N, ash-free dry weight) as Digj = 15.04 + 6.25 × N (Prop and
Vulink 1992). Plant samples were collected throughout the observation period, dried
and later analysed for total nitrogen (Kjeldahl-method) and ash. Nitrogen content of
food plants decreased with date (Quinn and Prop, unpublished), and values were there-
fore adjusted for date effects. Net intake rates NIR for each food type j were derived
from intake rates, digestibilities and proportional ash content Ash as 
NIRj = IRj ×Digj ×(1-Ashj)/100.
To  determine the volume of food ingested (see below), the gravities of the food
types were estimated from the ratio of their dry masses DM and corresponding volumes
Vol (Gravj =DMj /Volj). The volume of fresh plants Volj was determined by collecting
food items, and subsequently gently pushing the material in a calibrating cylinder to
read the volume. Drying samples to constant weight gave the dry mass DMj. 
To determine the amount of food ingested per incubation break, in a separate series
of observations females were followed from nest departure until return. Using an audio-
tape recorder, the following measures were recorded: the total incubation break length,
the time spent foraging For (as opposed to flying, bathing and preening), and when con-
flicts with other geese or with peregrine falcons occurred. The food type taken was
recorded, and likewise any change in food taken or in habitat (slopes or shores). This
gave for each of the food types j, and separately for the two habitats h, the foraging time
ForTjh. Proportional time spent foraging (FT) was calculated as the ratio of foraging
time and total length of the incubation break.
The intake In for each incubation break (g dry weight) was calculated from the pro-
ducts of the feeding time for each of the food types j in each habitat h and the associa-
ted intake rate,
Similarly, the net food intake was calculated using the net intake rate. The volume
ingested was derived from food gravities as
As an independent measure of the volume of food ingested, we scored the bulging of
the oesophagus when the female returned to the nest. The classes of oesophagus bulging
were 1 =no bulging, 2 = bulging just visible above the sternum, 3 =bulging clearly visi-
ble (Fig. 2). 
Reproductive success
Pairs were observed from egg laying onwards. As measures of reproductive success, we
used the clutch size and the number of goslings leaving the colony. 
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In = ∑∑ForTjh ×FIjh ×IRjh
h=1
4
j=1
3
Vol = ∑∑(ForTjh ×FIjh ×IRjh)/Gravjh
h=1
2
j=1
3Statistical analyses
Standard statistical procedures were followed (SPSS 2002). To avoid pseudoreplication,
individual bird was included as a random factor in statistical tests. The choice of food
within an incubation break was analysed by repeated measures ANOVA. For this pur-
pose, breaks were divided into 10 periods of equal length and food choice for consecu-
tive parts was calculated. The 10th period was not considered in further analyses because
geese usually spent little time feeding close to the end of a break. Means are given ±SD. 
Results
Foraging by food type and habitat
Peck rates and bite sizes varied among food types selected by the geese, resulting in
large differences in food intake rates (Table 1). Intake rates were highest when feeding
on herbs, and lowest when feeding on graminoids and Equisetum. The digestibility was
highest in herbs and Equisetum,w hich made the differences in net intake rates among
food types even stronger. The gravity was larger in graminoids and Equisetum than in
herb leaves and flowers (32.0, 25.5, 19.6, 17.9 mg ml
-1 respectively, F3,27=37.14,
P<0.001 and associated Scheffé-tests). This means that a smaller mass of herbs could
be stored in the oesophagus compared to graminoids and Equisetum. Any differences
among food types were similar across habitats because habitat was not a significant
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Fig. 2. Female red-breasted goose foraging on flowers of Astragalus is about to return to the nest.
The oesophagus bulging is rated at class 3.additional factor in the analyses of variance of the foraging parameters (Table 1)
Females spent 90% (±8.5, n=38) of an incubation break foraging and the remainder
of time was devoted to flying to and from the foraging area, bathing and preening.
While foraging on shores, females spent 97.7% ±2.60 (n=34) of their time feeding; on
slopes this was 72.1% ±37.9 (n=51), F1,83=15.42, P<0.0002. Feeding intensities did not
differ by food type (F4,79=2.0, n.s.).
The time spent on the nest between two successive incubation breaks was on ave-
rage 89.5 ±86.8 min (n=169) and was not correlated with the length of the preceding
incubation break (t=-1.73, n.s., analysis of covariance, n=169). Thus short incubation
breaks were not compensated for by short intervals between successive breaks.
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Conflicts and habitat choice
Foraging pairs were attacked by other males during 38.0% of the incubation breaks
(n=71). The attacking males stood guard in their territory or along the riverbank, while
their mates were on the nest. Conflicts occurred in similar frequencies on shores and
onslopes (χ
2=1.59, df=1, n.s.), and on average started 3.8 ±1.86 min (n=12) after the
female had left the nest. Conflicts lasted for 1.05 ±1.07 minutes (n=55), of which 0.71
min occurred in flight when the males chased each other up and down the river and
along the territory boundaries. Foraging pairs were only rarely attacked by the hosting
male peregrine falcon (n=1), in contrast to conflicts between the falcons and male geese
while their partners were on the nest (n=8), or between the falcons and non-territorial
pairs (n=12 of all 141 inter- and intra-specific conflicts observed).
If females started foraging on slopes (which was the case in 21% of 38 incubation
breaks), they stayed there for the remainder of the break (11.0 min,Table 2). If they flew
to the shores first, they either spent all of their time there (in 18% of the incubation 
breaks, 18.1 min) or they additionally foraged on the slopes just before returning to the
Table 1. Intake rate of food (IR) calculated from peck rates and bite sizes, and digestibilities, avera-
ged by food type.
peck rate, n min
-1 bite size, mg IR, g min
-1 digestibility, %
mean SD n mean SD n mean
1) SD n mean SD n
grasses 228.0 39.3 37 1.28 0.34 13 0.29
a 0.026 3 37.1 7.7 52
Equisetum 374.2 63.9 16 0.81 0.11 6 0.30
a 0.040 3 48.7 6.1 23
sedges 190.7 47.0 16 2.37 0.69 18 0.45
a 0.035 3 38.9 6.2 95
herbs, leaves 173.1 59.7 16 4.50 0.87 8 0.78
b 0.050 3 46.4 4.9 16
herbs, flowers 170.3 26.8 7 6.69 0.73 11 1.14
c 0.208 3 47.3 8.6 5
food type F4,87=46.0, F4,51=81.9, F4,10=39.8, F4,186=30.7,
P<0.0005 P<0.0005 P<0.0005 P<0.0005
habitat F1,86=1.3, n.s. F1,50=1.44, n.s. F1,185=2.8, n.s.
1) Given is the weighted mean. The statistical test is based on 6-d averages. Different symbols indi-
cate difference by Scheffé’s multiple comparison t-test (P<0.05).nest (7.3 min on the shores and 6.5 min on the slopes). When a conflict occurred, fe-
males returned earlier from shores to slopes than when there was no conflict (F1,28=7.49,
P<0.05), whereas the foraging time on slopes was independent of the occurrence of
conflicts (F1,29=0.34, n.s.). On average, breaks with a conflict were shorter than without
a conflict (10.6 and 15.7 min, respectively, F1,32=7.34, P<0.05).
Food intake, diet choice and conflicts
The percentage of time spent foraging on graminoids, Equisetum and herbs differed
widely between shores and slopes (F2,58=53.0, P<0.0005), largely reflecting the diffe-
rences in food availability between the two habitats (Quinn and Prop, unpublished). On
shores females spent most time foraging on graminoids and Equisetum (54.2% ±29.4,
and 31.6% ±15.6, respectively, n=30), whereas on slopes they foraged mainly on herbs
(65.5% ±22.4, n=31). The diet composition averaged for each break varied therefore
according to the proportion of time spent in each habitat (Table 3). Diet composition
within each of the habitats was independent of the occurrence of conflicts, but because
Chapter 10
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Table 2. Time (min) spent by females in each of the habitat types, separately for breaks with or with-
out conflicts. Breaks are arranged by sequential pattern.
Slope (first) Shore Slope n
sequential pattern conflict
Slope only no 13.53 - - 4
yes 8.55 - - 4
Shore only no - 18.07 - 7
yes - - - 0
first Shore-then Slope no - 8.43 6.72 15
yes - 5.13 6.28 8
Table 3. Percentage of time that females spent foraging on herbs by habitat and by the occurrence of
conflicts. The factor between brackets is not included in the final model.
Shore Slope
conflict mean n mean n
no 14.9 ±15.2 22 65.6 ±25.8 19
yes 12.3 ±17.5 8 66.2 ±18.2 12
total 14.2 ±15.6 30 65.8 ±22.8 31
df F P
% Time on slopes 1 16.5 <0.005
individual 4 0.46 0.77
(conflict) 1 0.98 0.33
model 5
residual 32disturbed females spent less time on shores and equal lengths of time on slopes, they
spent a larger proportion of their time foraging on herbs (F1,32=5.40, P<0.05). Males
foraged mainly on shores, and their diet was concurrently composed of graminoids
(>97%, Table 4) with hardly any herbs. Since females typically foraged on shores first,
and then moved to slopes within an incubation break, they increasingly foraged on herbs
(Fig. 3). 
As herbs were more bulky than the other food types, we expected that the volume
of the food ingested was positively related to the prevalence of herbs in the diet. How-
ever, the volume and the percentage of herbs in the diet were not related (Table 5),
which indicates that the capacity of the oesophagus limited the amount of food ingested
during a single incubation break. Indeed, when females returned to the nest their oeso-
phagus was visually rated as ‘full’ in most of the cases (76.2%, n=21). This digestive
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Table 4. Percentage of time spent feeding by food type for males (n=35) and females (n=92) separa-
tely. Estimates are based on 2-min records of randomly selected individuals. 
males females
grasses 82.9 43.5
Equisetum 0.0 18.5
sedges 14.3 13.0
herbs, leaves 2.9 17.4
herbs, flowers 0.0 7.6
χ
2=20.4, P=0.004
Fig. 3. Percentage of time spent foraging on herbs (means ±1SE) as a function of progress within
the incubation break. The linear trend of the arcsinus transformed data was tested by repeated 
measures anova, F1,37=275.7, P<0.0005).
4bottleneck is further supported by the observation that breaks were shortest when the diet
was largely composed of the bulky herbs (Fig. 4A, Table 5). As a result of this negati-
ve relationship between the length of the incubation break and the importance of herbs
in the diet, the food intake and percentage of time spent foraging on herbs were simi-
larly negatively related (Fig. 4B). When disturbed, females were rated as full in only
35.7% (n=14) of the breaks (effect of disturbance: χ
2=4.17 with continuity correction,
df=1, P<0.05), and the volume of the food ingested appeared 22% lower in disturbed
females than in undisturbed females (179 and 231 ml, Fig. 4C, Table 5). Thus, follo-
wing a conflict, females did not generally fill the oesophagus to capacity. Consequently,
disturbed females ingested 28% less food than undisturbed females (3.87 and 5.35 g dry
weight, F1,32=8.33, P<0.01, Table 5), and similarly the digestible amount was lower
(1.73 and 2.34 g dry weight, F1,32=7.99, P<0.01). 
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Table 5. Analysis of covariance of (A) the length of an incubation break, (B) the total food intake
per break, and (C) the volume of food ingested per break. The percentage of time spent foraging
herbs is a covariate; the occurrence of conflicts during a break is a categorical variable; individual is
included in all models as a random factor. Non-significant (n.s.) parameters not included in the
model are between brackets; given is the F-value when included in the final model. 
A
Parameter df F P
% time herbs 1 38.49 <0.0005
(conflict) 1 1.94 n.s.
individual 4 0.81 n.s.
model 5 9.72 <0.0005
residual 32
B
Parameter df F P
% time herbs 1 8.91 <0.005
(conflict) 1 4.02 n.s.
individual 4 1.48 n.s.
model 5 3.59 <0.05
residual 32
C
Parameter df F P
(% time herbs) 1 0.03 n.s.
conflict 1 5.89 <0.05
individual 4 1.23 n.s.
model 5 3.01 <0.05
residual 32Food intake and reproductive success
Individual females differed in how often they were disturbed (range 18-46%, χ
2=12.7,
df=4, P<0.05). Comparing between individuals, both the average volume of food inges-
ted and the net food intake per incubation break were negatively related to the percen-
tage of disturbed incubation breaks (r=-0.93 and r=-0.88, n=5, P<0.05, Fig. 5A). A low
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Fig. 4. Length of the incubation break (A), total food intake (B), and volume of food ingested (C) as
a function of the percentage of time spent foraging herbs. Models are given in Table 5.Chapter 10
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intake was not compensated by more frequent breaks, as females with low net intake per
incubation break tended to spend the smallest amount of time foraging per day (r=0.77,
n=5, P=0.13). Thus, females that were most often attacked performed most poorly in
terms of food intake. On the other hand, volume and net intake were negatively correlated
with the number of goslings hatched, (r=-0.94 and r=-0.97, P<0.05, Fig. 5B).This means
that those individuals that were most often attacked assimilated less food than their
attackers but nevertheless performed best in terms of reproduction. 
In contrast, females mated to the most aggressive males gained greater access to the
shores, which were apparently the preferred habitat because the plants present enabled
compact filling of the oesophagus (Fig. 6B). Nevertheless these females achieved a poor
reproductive success (Fig. 6A) and the pair with the most aggressive male was the only
one that abandoned the nest and hatched no goslings at all (though habitat choice data
were unavailable for this pair because they abandoned the nest early, before shore habi-
tat became available). The observations suggest therefore that aggressive males were
effectively reserving the foraging zones along the river shores for their mates but this
competitive advantage in foraging over less aggressive individuals did not translate into
a reproductive benefit.
Discussion
Goal of foraging
Foraging theory recognizes several ‘goals of foraging’. One goal is that of a ‘time-mini-
mizer’, who attempts to attain some minimum needed intake in the least amount of time
(Belovsky 1984). An alternative goal is that of a ‘nutrient-maximizer’, who attempts to
ingest the greatest intake of food in the available foraging time. The operational time-
scale is usually thought of as a day or longer, but can equally well be shorter, a single
incubation break in the case of red-breasted geese. A time-minimizer returns to the nest
Fig. 5. A. Net intake of food per incubation break for females in relation to the percentage of breaks
disturbed. B. Reproductive success (number of goslings hatched) in relation to the net intake by
females.Interference and food choice
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as soon as possible to prevent egg-cooling, to reduce egg predation rate, and to avoid
egg dumping by female intruders (Spiers and Baummer 1990, Afton and Paulus 1992).
Red-breasted geese were acting as time minimizers when herbs formed a large propor-
tion of the diet because these plants allowed highest intake rates and a rapid fill of the
oesophagus, even if net intake during a single break was not maximized. That herbs are
chosen because they allow a rapid intake rate was supported by their almost complete
absence in the diet of males, who had ample time available for feeding during the fe-
males’ incubation spells. In contrast, maximizing nutrient intake is appropriate when
animals have high energetic requirements or are under energetic stress, both of which
apply to many birds during incubation specifically, and to animals during reproduction
generally. The food items associated with the nutrient maximizing goal in red-breasted
geese were graminoids and Equisetum because these had a favourable weight-volume
ratio and were therefore packed in the oesophagus in largest quantities. They were,
however, slower to collect than herbs owing to their small bite units, leading to prolonged
incubation breaks and potentially to prolonged incubation periods (Spiers and Baummer
1990; Tombre and Erikstad 1996).
Diet choice varied widely suggesting that individuals within the colony covered the
whole range from strict time-minimizer to nutrient-maximizer. Apparently, individuals
were consistent in the strategy they followed, because we did not find any compensation
Fig. 6. A. Reproductive success (number of goslings hatched) in relation to the aggression of the
male (y=17.1-0.24x, F1,5=16.97, P=0.009). B. Foraging time on river shores by females in relation 
to the aggression of their mates (as percentage of interactions that the male initiated; y=7.96+0.53x,
F1,4=9.82, P=0.035). Given are averages for each of the pairs.Chapter 10
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for short foraging breaks by shorter incubation spells. The choice for either strategy is
probably based on the body condition of the female (Aldrich and Raveling 1983) and
females that were in a poor body condition were more likely to choose a nutrient-maxi-
mizing strategy. However, the foraging behaviour of the geese was strongly affected by
intra-specific interactions, which made it difficult to explain diet choice in terms of nut-
ritional considerations alone. Below we discuss how body condition, energy require-
ments and aggressive behaviour were potentially interrelated.
The finding that the volume of the oesophagus acted as a constraint on the amount of
food ingested is not a surprising one because a digestive bottleneck has been previously
identified in other goose species (Sedinger and Raveling 1988, Prop and Deerenberg
1991, Prop and De Vries 1993) and is found among a large variety of animals (Van
Soest 1982, Kersten and Visser 1996). There were two pieces of evidence pointing to
the occurrence of a bottleneck: (1) the volume of food ingested across visits was relati-
vely constant , and (2) at the end of foraging periods during incubation breaks, the oeso-
phagus was generally bulging and appeared to have been filled to capacity, a state not
often reached by geese at other times of the year when intake rates during foraging pe-
riods are 4-5 times less even though net intake over a day is much greater (Prop and
Deerenberg 1991, Prop and Black 1998). The fitness implications of this bottleneck
clearly vary between individuals. Time minimizers regularly returned to the nest with-
out a bulging oesophagus and below we discuss the adaptive reasons for why red-breas-
ted geese had different foraging strategies during incubation.
Two red-breasted goose males initiating a fight.Interference and food choice
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Fight or flight?
Females that were ‘displaced’ during an incubation break apparently suffered most in
terms of food intake. They ingested 28% less food because they were forced to spend
less time feeding on graminoids and Equisetum, though the time spent feeding on bulky
herbs was unaffected. Our observations thus support the commonly suggested causal
link between aggression, dominance, and food intake (e.g. Goss-Custard et al. 1984,
Nilsson 1989, Prop and Deerenberg 1991, Bautista et al. 1995). However, the most
aggressive geese did not then breed more successfully, as predicted for birds generally
(Newton 1998) and for geese in particular (Black and Owen 1989b). This paradox can
be explained in several possible ways. 
First, the paradox could be explained by the counterintuitive tendency among water-
fowl generally for those individuals that produce the largest clutches (closely related to
our measure of reproductive success) to also have the largest energy reserves after egg-
laying (Aldrich and Raveling 1983, Erikstad and Tveraa 1995). Since this probably also
occurs in red-breasted geese, the larger reserves means that these individuals are less
reliant on foraging during incubation and thus can afford to return to the nest sooner
than originally planned. Not only might this decision improve reproductive success
through maintaining a high level of incubation (Thompson and Raveling 1987) and by
avoiding wasting energy during aggression, it might also help the geese minimize the
risk of physical injury. Physical injury could be caused directly by the attacking geese
or it could also be caused by the host falcons, who attacked red-breasted geese that were
fighting or that were flying to and from the colony (Quinn and Kokorev 2002). We sus-
pect that the aggressive goose pairs that invested heavily in defending foraging areas
were unexperienced breeders and thus had not yet learned how to avoid being attacked
by their unwilling host falcons. In terms of life history theory generally (Williams
1966), therefore, high quality red-breasted geese probably traded-off the risk of starva-
tion in favour of the survival of their clutch by fleeing from aggressive conspecifics 
rather than fighting. It is also conceivable that mass-dependent predation risk (Lima
1986) could explain why these female geese settled for a time-minimizing strategy. To
reduce predation risk while living in such close proximity to a potential predator, the
theory predicts individuals should aim to minimize body mass. Additionaly, the amount
of aggression could have represented different ‘personalities’(Dingemanse et al. 2003),
in which the benefit of aggression becomes apparent in some years, for example when
choosing an other nesting habitat (Prop and Quinn 2003).
Finally, the effect of fleeing on food intake may have resulted from the early shift
in diet towards feeding on herbs. If the high quality geese had stayed in the same area
following the conflict and continued to feed on graminoids and Equisetum, the disrup-
tion caused to the planned foraging path before the conflict may well have been greater
than that caused by moving to another area. There is good evidence that flocks of geese
plan routes and forage systematically, spatially and temporally (Prop 1991, Rowcliffe et
al. 1995). Theoretically individual pairs might do likewise, so that once the route is dis-
rupted, the best option is to shift to herbs. Because they are bigger than graminoids, herbs
must also be easier to find and this could compensate for the disruption to foraging onChapter 10
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graminoids. This alone does not explain why birds did not completely fill the oesopha-
gus after a conflict. In addition to life history arguments discussed above, the amount of
herbs ingested could have been limited by high concentrations of toxic compounds,
which are commonly used as predator deterrents by plants generally (Stephens and
Krebs 1986), and by herbs in particular (Van Soest 1982, Harborne 1997). 
Similar to females, males had to balance short-term and long-term benefits by tra-
ding-off successful reproduction against their own survival. The behaviour of males was
closely related to that of the females, as the mates of females that were most often attac-
ked, attacked less often themselves. This means that males from pairs that bred most
successfully avoided energy-draining conflicts even though their mates ingested less
food. On the other hand, males paired to low-quality females (producing a small clutch
and, we presume most in need of food) were most aggressive. If we assume that males
were able to assess the need for food of their mates, they were successful in their efforts
by defending the foraging areas along the river shores where efficient food was most
abundant. 
That low-quality females, assisted by their mates, obtained most food during incu-
bation breaks is unusual because dominance and food intake are often used as indica-
tors of fitness (Sutherland 1996). Thus we conclude that male aggression and higher
food intake by females reflected the need to collect food, and predict that this also
reflected inexperience with falcon-hosts, rather than their dominance status per se. In
terms of foraging goals, high quality individuals could afford to adopt an extreme time-
minimizing strategy with a low food intake because they had collected nutrient stores
A female red-breasted goose (right) during an incubation break guarded by her mate.169
before egg laying when we suppose risks associated with foraging were less. The bene-
fits of doing so were considerable. In contrast, poor quality females were forced to
adopt a nutrient maximizing strategy because of their apparent inability to collect suffi-
cient nutrient stores during the pre-breeding phase. 
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The bulging of the abdomen is a good measure of the amount of fat deposited by pre-migratory
geese. At the right a dummy to calibrate abdomen assessments.171
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Travel schedules to the high arctic: barnacle geese trade-off
the timing of migration with accumulation of fat deposits
Jouke Prop, Jeffrey M. Black and Paul Shimmings
Abstract
On their way from the wintering area to the breeding grounds in Spitsbergen, barnacle geese
Branta leucopsis stage on islands off the coast of Norway. The aim of this study was to describe
when the geese migrate in relation to the body stores deposited, and explore questions related to
the concept of optimal migration schedules and on the possible mechanisms involved. We esti-
mated fat stores by repeated assessments of the abdominal profile index of individually marked
females throughout staging. Reproductive success was derived from observations of the same
individuals later in the annual cycle. Females arriving late, or with low fat stores at arrival, achie-
ved higher fat deposition rates, probably by spending more time foraging. But they were unable
to match final fat scores of birds that arrived earlier or with larger fat stores. Reproductive suc-
cess was correlated with the timing of migration, and individuals departing at intermediate dates
achieved highest success. The exact date of peak reproductive success depended on the size of
fat stores accumulated, such that low-quality birds (depositing less fat) benefited most from an
early departure to the breeding grounds. Observations in the breeding colonies showed that these
birds did not initiate a nest earlier, but they spent a longer time in Spitsbergen before settling. The
length of stay in Norway was close to the prediction derived from an optimisation model relating
spring events to eventual breeding success. Poorest performing birds stayed longer than expec-
ted, perhaps depositing more fat to avoid the risk of starvation. Two possible mechanisms of the
timing of migration were contrasted and it seemed that the geese departed for migration as soon
as they were unable to accumulate any more fat stores.
Published in Oikos 103: 403-414 (2003) ©Introduction
Successful long-distance migration to avian breeding areas hinges on (i) the accumula-
tion of sufficient body stores to cover costs of flight and (ii) appropriate departure and
arrival times that optimise chances of reproduction (Alerstam and Lindström 1990,
Madsen 2000). Because reproductive success is inversely related to date of egg laying
in many migratory species (Daan et al. 1990), the decision when to migrate includes a
trade-off between the benefits of an early arrival on the breeding grounds (=early migra-
tion) and the benefits of larger stores that can be obtained during a longer stay at migra-
tory staging areas (=late migration). The fitness consequence of delaying departure for
just a few days may be negated by late nest initiation. The optimal dates can be expec-
ted to differ among individuals depending on the precise shape of the various benefit
curves (Alerstam and Lindström 1990, Møller 1994). To fully appreciate why and when
birds migrate, information is needed on the dynamics of body stores of individual ani-
mals and the fitness consequences of the migration behaviour (Weber et al. 1998). Des-
pite recent technological advancements in tracking large-scale movements in birds
(Clausen and Bustnes 1998, Butler et al. 1998) the integration of behaviour and fitness
is still a major hurdle in the understanding of migration patterns (Farmer and Wiens
1999). We studied this relatively unexplored field of migration ecology, combining
work on the dynamics of body stores with the consequences that decisions during
migration have for the fitness of the individual. We directed our attention to both the
ultimate and proximate control (the mechanism) of the timing of migration.
The barnacle goose Branta leucopsis population that breeds in Spitsbergen is a good
model species for migration studies because of the well-defined migration pathway
(Owen and Gullestad 1984) and because many birds in this population are individually
marked (Owen 1982). This allowed us to follow individuals throughout the pre-migra-
tory season, assessing arrival and departure dates, and determining body condition and
changes therein. Capitalizing on the long-term family bonds in geese, which may last
over six months (Black and Owen 1989a), we used brood size when pairs returned to
the wintering area in autumn as a measure of fitness (Owen and Black 1989a). More-
over, pairs observed during spring staging were traced to breeding colonies in Spits-
bergen to investigate the relationship between the timing of migration and of breeding.
Two hypotheses concerning the mechanism of migration scheduling are depicted in
Fig. 1. For both models we assume that individuals differ in quality, where high quali-
ty birds achieve highest deposition rates of body stores throughout staging, for examp-
le by being better competitors. This is depicted by different slopes of accumulated body
stores prior to departure for the breeding grounds. The first hypothesis assumes that
migration will take place as soon as a threshold in size of stores is reached. The thres-
hold may be constant through time, or it may decline from an interaction with date
(Drent and Daan 1980, Alisauskas and Ankney 1992). The second hypothesis assumes
that migration will take place when the deposition rate of body stores can no longer be
sustained. The latter mechanism applies for systems with a seasonal variation in food
availability, and we think this feature is typical for herbivores, though not exclusive
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acquire largest stores, or stores are similar when the threshold of the ‘size-of-stores’-
hypothesis is constant (Fig. 1). The two models lead to different predictions regarding
the timing of migration. The ‘size-of-stores’-hypothesis predicts that high quality birds
depart sooner than low quality birds. The ‘deposition rate’-hypothesis predicts the
reverse; high quality birds depart after low quality birds. We tested these predictions by
checking the interrelationships between body condition at departure, individual deposi-
tion rates and date of departure. Realizing that body stores in migratory birds include
different components we focused in this study on the accumulation of fat, which is the
main substrate in terms of energy (Alerstam and Lindström 1990). In particular, we
addressed the following questions. (1) Do fat deposition rates vary through the season?
(2) Do body stores upon arrival vary through time, what are the average deposition
rates, and how large are stores at departure? (3) Are individuals that arrive late in the
season, or those with low body stores, able to compensate by depositing stores at a higher
Timing of migration and fat stores
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Fig. 1. Mechanism of the timing of migration in relation to body stores. The upper panel assumes a
constant deposition rate through time, which varies among individuals (the three different curves).
Birds depart for migration when reaching a threshold in the size of body stores (indicated by the
dashed line). The departure threshold may be constant, or as is shown here it may decrease through
the season. In this situation high quality birds acquire largest stores. In the lower panel environmen-
tal conditions deteriorate through the season, causing a decrease in deposition rates. Birds migrate
when deposition rates begin to decline. In this situation high quality birds stay longer for example
because they continue to monopolize feeding areas.rate? (4) Do trends in individual deposition rates actually correspond to differences in
foraging ability? We further determine the link between migration behaviour and fitness
by separating the effects of timing of migration and the size of body stores on repro-
ductive success. Finally, on the basis of fat deposition rates and time-related fitness
measures, we modelled the expected optimal length of stay at migratory staging areas,
and compared this with observations of individually marked birds.
Methods
Study population
Data were collected in the coastal area of Helgeland, Norway (65º45'N, 12ºE), in eight
seasons (1980-1982 and 1989-1993). After wintering on the west coast of the UK, Bar-
nacle geese use the Norwegian stopover sites in April-May before the second leg of mi-
gration to the breeding grounds in Spitsbergen (Fig. 2). Study sites comprised the archi-
pelagos of Laanan and Sandvaer, each consisting of a multitude of islands varying in
size from few up to 15 hectares in area. The largest islands contained some houses
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Fig. 2. Map of the migration route of the barnacle goose breeding in Spitsbergen. Indicated are the
wintering area (Solway), the spring staging area (Helgeland) and the breeding grounds (Spitsbergen).which were inhabited by several families (Sandvaer) or which used to be permanently inha-
bited but were abandoned during the years of this study (Laanan). The archipelagos are iso-
lated from other islands by open sea and thus each archipelago has its own local popula-
tion of barnacle geese (Black et al. 1991). The vegetation types used by the geese ranged
from poor quality hay meadows to salt marshes dominated by Festuca rubra and Pucci-
nellia maritima (Prop et al. 1998). Additional observations were collected around the Sol-
way Firth (Caerlaverock, Scotland) in autumn, as well as in Spitsbergen during summer.
Observations
Geese were individually recognizable by large leg rings with an inscription (Owen
1982) readable at a distance of up to 250 m. During the years of study, on average 20%
of the whole Spitsbergen barnacle goose population was individually marked. The ob-
servers arrived in the area with the first geese or earlier (end of April or early May), and
observations continued until most geese had departed (approximately 20 May). During
the early morning hours, geese aggregated on the central islands where they were easily
observed without disturbance. Most of the observations were collected during the first
hours of the day (03-09 a.m.), although additional effort was made to identify geese
later in the day as well when they foraged on more remote islands. 
Abdominal profile
The abdominal profile (AP; Owen 1981) was used as an index for the extent of body fat
deposits. Experienced observers can score the fatness of the birds in the field in an accu-
rate and reliable way, without the need to recapture geese. AP’s were assessed on a scale
from 1 to 7. Dummy geese depicting different AP’s were positioned on the main obser-
vation sites for consistent assessments within and among years. Studies in other goose
species showed that AP classes (similar to ours) were linearly related to fat stores
(Madsen et al. 1997, Boyd et al. 1998, Zillich and Black 2002). We assume this holds
for barnacle geese as well, and treat therefore the AP as an ordinal-scaled variable. Fat
deposition rates through the season were analysed on the basis of AP’s averaged by
three-day periods per individual. Deposition rates were calculated as the increment in
average AP from one three-day period to the next divided by the length of the interval.
As a measure of individual fat deposition rate we calculated the quotient of the incre-
ment of the AP during the observation period and the number of days between first and
last observation. In order to avoid autocorrelation when relating fat deposition rate to
date of departure, data on fat deposition rates from the first half of the staging period
only (up to and including 12 May) were used.
Reproductive performance
To  interpret performance during spring migration in terms of fitness we counted the
number of goslings associated with individually marked females in the following
autumn, thus benefiting from the long duration of the parents-offspring bond (Black and
Owen 1989a). For further analyses pairs were classified as successful (with offspring)
or failed (no offspring). 
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ciding with laying the first egg, was recorded in breeding colonies in Spitsbergen (detail-
ed in Prop and De Vries 1993). For this analysis a distinction was made between indi-
viduals that hatched at least one egg (successful breeders) and those that failed to hatch.
Ingestion rates
To test whether differences in fat deposition rates were related to foraging abilities we
estimated individual ingestion rates. Ingestion rates can be calculated from the rate of
fecal output (dropping mass multiplied by dropping rate) and food quality (Van Soest
1982). Given that food quality and dropping rates are largely date dependent (Prop and
Black 1998), we simplified the calculation of ingestion rate by determining the residual
dropping mass relative to date and time of the day (procedures of collection of drop-
pings outlined in Prop and Black 1998). The residuals were averaged for each indivi-
dual goose to obtain a single measure for relative ingestion rate. The average number of
droppings collected per individual was 18.
Direct observations on migration
To assess the seasonal pattern of migration, observations of migrating birds were col-
lected on an ad hoc basis. Migrating geese were clearly distinguishable from locally
moving individuals by the type of vocalisations they made, and by the structure of the
flock. Birds arrived from the southwest, and followed a narrow migration corridor along
the outer islands (see also Bollingmo 1998), whereas birds that set off for migration
headed north over the open ocean. Local flights were in any direction although easterly
movements predominated.
Statistics and calculations
Some individuals visited the study islands only briefly, apparently on their way to other
staging sites. For analyses we therefore selected birds that had been observed during the
period of arrival (up to including 12 May) as well as during the period of departure
(from 13 May onwards). As this study was concerned with those individuals that we
assumed were most constrained in energetic terms during migration and reproduction,
we selected (i) females, which in geese invest more in the process of reproduction than
males do (Ankney and MacInnes 1978), and (ii) birds that were older than three years of
age because this is the first year of breeding in barnacle geese (Black and Owen 1995). 
Dates of arrival and departure were taken from the first and last dates of observa-
tion. We cannot exclude that birds were missed occasionally, and arrived earlier or de-
parted later than actually observed, but the error is probably small. In all calculations
dates were expressed as the number of days from 1 April. A standard statistical package
(SPSS) was used for analyses. To test for significance of effects, linear or logistic regres-
sions were performed following a procedure with backward elimination of variables. As
a default for the probability associated with the F-test for exclusion of a variable we
used 0.1 (SPSS 1999). Year was included as a dummy variable in all analyses. 
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Fat deposition rates through the season
Fat deposition rates varied through the season in a quadratic way (Fig. 3). After initial-
ly increasing the daily change in AP peaked at 0.15 units, followed by a rapid drop in
the second half of the staging period (Table 1). Seasonal patterns in deposition rates did
not differ among years.
Fat scores and timing of migration
Fat scores upon arrival and at departure were closely correlated (Table 2). We can draw
two conclusions from the observed relationship (Fig. 4). Firstly, the slope of the regres-
sion was less than 1 (95% confidence interval 0.56-0.72), which indicates that the
amount of fat deposited during staging (reflected by the increment between arrival and
departure) was inversely related to AP at arrival. In other words, individuals that arrived
with lowest fat stores deposited most during staging in the area. Secondly, because there
was a positive relationship between AP upon arrival and at departure we conclude that
birds arriving with low fat stores were unable to match the performance of birds arri-
ving with large stores.
Timing of migration and fat stores
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Fig. 3. Variation of fat deposition rates through the season. The regression line is derived from the
model in Table 1 for averaged arrival parameters. Data points (±SE) were adjusted for arrival para-
meters (total n=706). The lower panel gives the relative distribution of birds observed arriving in
(n=1520) or departing from (n=3330) the study area.Chapter 11
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Table 2. Linear regression of AP at departure by date of arrival, AP at arrival, and date of departure.
Conventions as Table 1.
term coefficient t significance
constant -14.66
Date of arrival 0.679 3.64 <0.0005
Date of arrival
2 -0.010 -4.01 <0.0001
AP at arrival 0.643 15.23 <0.0001
Date of departure 0.136 6.07 <0.0001
(Date of departure
2)- 1 . 10 N.S.
F4,360=91.51, p<0.0005
Table 1. Linear regression of fat deposition rate (daily change of AP) by date and year. Non-signifi-
cant (N.S.) terms not included in the model are between brackets.
term coefficient t significance
constant -1.67
Date 0.0904 2.95 <0.005
Date
2 -0.0011 -2.93 <0.005
(Year) 1.31 N.S.
F2,703 = 4.36, p<0.05
Birds arrived at the staging area with progressively larger fat scores during the seas-
on (Fig. 4; y=0.47+0.035x, F1,291=28.7, p<0.0005; or 0.035 AP units per day versus on
average 0.10 units for individuals staging in the area). However, by the time they depar-
ted for the breeding grounds AP scores of early arriving birds were larger than late arri-
ving birds (Fig. 4). Apparently, the latter group had little time to accumulate the same
amount of stores obtained by birds arriving earlier at the staging grounds.
AP at departure showed a quadratic response through time; after an initial increase
the AP scores declined for birds departing after 17 May (F2,363=42.45, p<0.0001; Fig. 5).
The quadratic effect resulted from birds that arrived late, or with few stores, to depart
late, because when adjusting for the effects of arrival parameters, AP at departure
showed a linear relationship with date (Table 2). The birds seen departing at the end of
the staging period obviously deviated from the general trend by having exceptionally
low AP scores.
Individual fat deposition rates and timing of migration
Individual fat deposition rates assessed during the first half of the staging period varied
with date of arrival (positive effect) and AP at arrival (negative effect, Table 3). While
adjusting for these effects, there was a positive relationship between deposition rate and
date of departure (Fig. 5). Without adjustments the relationship showed a similar trend
(F1,190=14.11, p<0.0005).Timing of migration and fat stores
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Fig. 4. AP at arrival (open symbols) and AP at departure (solid) in relation to arrival date (upper
panel), and AP at departure in relation to AP at arrival (lower panel). Regression lines are derived
from the model in Table 2 for an averaged date of departure, and averaged AP upon arrival (upper
panel) or date of arrival (lower panel) (total n=365). The difference between the solid and dashed
lines gives the amount of fat deposited during staging. Values are means ±SE.
Table 3. Linear regression of fat deposition rate (daily change of AP) by date of arrival, AP at arri-
val, and date of departure. Conventions as Table 1.
term coefficient t significance
constant -0.96
Date of arrival 0.0225 7.88 <0.0005
AP at arrival -0.079 -7.63 <0.0005
Date of departure 0.0144 3.11 <0.002
(Date of departure
2)- 1 . 16 N.S.
F3, 188 = 39.88, p<0.0005Chapter 11
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Fig. 5. The relationship between AP at departure and the date of departure (upper), and deposition
rates during the first half of the staging period averaged by individual in relation to the date of
departure (lower). The regression lines are derived from the models in Table 2 (total n=365) and
Table 3 (total n=192) for averaged arrival parameters. Filled symbols represent observations (±SE)
adjusted for arrival parameters; open symbols are unadjusted values.
Food ingestion rates and timing of migration
Residual dropping mass, as an indicator for individual food ingestion rate, was positive-
ly related to date of departure (Fig. 6). Thus, trends in fat deposition rate and relative
ingestion rate in relation to date of departure ran parallel, which suggests a causal rela-
tionship; i.e. late departing individuals achieved larger body stores because they were
better foragers. In contrast, residual dropping mass was negatively related to date of
arrival, and unrelated to AP at arrival (Table 4). Thus, individuals that arrived late or
with few stores performed relatively poorly in terms of food ingestion rates. This means
that the higher fat deposition rates observed in these individuals cannot be attributed to
higher instantaneous rates of food intake.Timing of migration and fat stores
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Fig. 6. Relationship between residual dropping mass and date of arrival (left), and date of departure (right).
Regression lines are derived from the model in Table 4 (n=37). Observations in the two plots were adjusted
for each other.
Table 4. Linear regression of residual dropping mass (as a measure of food intake rate) by date of
arrival, AP at arrival, date of departure, and year. Conventions as Table 1.
term coefficient t significance
constant -37.26
Date of arrival -10.21 -3.59 0.001
(AP at arrival) 0.71 N.S.
Date of departure 24.83 3.61 0.001
(Year) 1.69 N.S.
F2, 34 = 13.18, p<0.0005
Reproductive success and timing of migration
Reproductive success showed a quadratic relationship with date of departure; individu-
als departing at intermediate dates achieved highest success whereas early and late birds
performed less well (Fig. 7). Given the interaction term between AP and date of depar-
ture (Table 5), the variation of reproductive success by date depended on the final fat
score. With increasing AP at departure the peak reproductive success shifted towards
later dates. Irrespective of the date of departure, reproductive success was positively
related to AP. Typical for arctic-breeding birds (Remmert 1980) reproductive success
showed a large amount of variation among years (Table 5).
Date of departure from the staging area and timing of breeding in Spitsbergen were
positively related (Fig. 8; F1,23=11.1, p=0.003). This means that the nest initiation dates
in Spitsbergen were strongly linked to the timing of migration from the southerly sta-
ging area. The gap between departure and settling in the breeding colony was 3 weeks.Chapter 11
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Table 5. Logistic regression of reproductive success in relation to date of departure (date), AP at
departure (AP), and year (n=454). Conventions as Table 1.
term coefficient deviance df significance
Date 6.56 5.43 1 <0.05
Date
2 -0.081 6.17 1 <0.025
Year 64.62 7 <0.0005
Date×AP -0.11 3.26 1 0.071
Date
2×AP 0.003 3.71 1 0.054
Constant -137.1 1
(AP) 0.30 1 N.S.
Fig. 7. Reproductive success in relation to the date of departure (left), and in relation to AP at departure
(right). Regression lines were derived from the model in Table 5, averaged across years and for average AP
at departure (left) or for average date of departure (right). Values are means ±SE (total n=454).
Relative to the date of departure, failed breeders started breeding 4 days later than suc-
cessful birds (F1,23=5.89, p<0.025).
Optimal length of stay
Above we established the interrelationships between fat deposition rates and arrival
parameters (AP and date) on the one hand, and reproductive success and departure para-
meters on the other. Based on these relationships we modelled the optimal length of stay
depending on when the birds arrived and with how much fat. Seasonal patterns in fat de-
position rates (Table 1) enabled us to calculate the amount of stores accumulated. Fig. 9
(upper panel) gives an example for birds arriving on 5 May, with AP’s varying from 1
to 5. Subsequently, for each date the probability of successful breeding (following Table
5) was calculated (Fig. 9, lower panel). Thus, for any combination of arrival date andTiming of migration and fat stores
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Fig. 8. Relationship between date of settling in the breeding colony in Spitsbergen and date of
departure from Norway for failed and successful breeders separately. The averaged regression line is
y=-12.46+1.26x, n=26.
AP at arrival the departure date that gives maximal reproductive success can be deter-
mined. Similarly, we calculated how long individuals should stay in the area to maxi-
mize reproductive success. These optimal lengths of stay have been plotted against the
date of arrival and AP at arrival (Fig. 10). Optimal length of stay was inversely related
to the date of arrival, such that any delay in arrival caused a similar reduction in the opti-
mal length of stay. In contrast, the optimal length of stay was positively related to the
amount of fat stored. On average there was a three-day difference between the extreme
AP scores in Fig. 10.
Results are summarized in Fig. 11, which shows the decline in optimal length of stay
with later arrival dates. The actual observed lengths appear to match the optimal values
well (Fig. 11) although birds arriving later tended to stay longer than expected. In relation
to the AP at arrival there is a close match between optimal and observed values as well,
except for birds that arrived with the thinnest fat scores who remained on the staging
area for longer than expected. We conclude that for most individuals the time spent in
the area corresponded to the optimal lengths of stay.
Discussion
This study showed a close correlation between pre-migration performance and repro-
ductive success. First, reproductive success was correlated with the date of departure
from the staging area, with highest success for birds departing at intermediate dates.
Reproductive success as a function of its timing has been established in a plethora of
studies (e.g. Perrins 1970). However, only few studies showed that the basis for a pro-Chapter 11
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per timing of reproduction is already founded before arriving on the breeding grounds
(Sandberg and Moore 1996b, Marra et al. 1998). Below we discuss the interrelationships
between date-dependent reproductive success and the decision on when to migrate.
Secondly, the probability of successful breeding was correlated with the amount of fat
accumulated. This agrees with the supposed importance of internal stores for geese to
produce a clutch and to hatch the eggs successfully (Drent and Daan 1980, Ebbinge and
Spaans 1995). Our observations do not necessarily imply that reproduction is totally
dependent on body stores, this is unlikely given that barnacle geese feed a lot on the
breeding grounds (see below), but the observations do support the idea that large stores
provide a head start for successful reproduction.
Fig. 9. Upper panel. Example trend in AP for individuals that arrive on a particular date (5 May) and
with different AP’s (based on a model of fat deposition rates that includes date, Table 1, and arrival
parameters, Table 3). Lower panel. Probability of successful reproduction in relation to the date of
departure, derived from date and associated AP in the upper panel and based on the model in Table 5.
The AP at arrival associated with each of the curves is indicated at the left.Timing of migration and fat stores
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Do the fittest individuals migrate first?
The trade-off that spring staging birds face is to stay longer to accumulate more body
stores, or to depart to benefit from early arrival on the breeding grounds. Benefits asso-
ciated with early arrival can include reducing competition for food, or better opportuni-
ties to occupy the best nesting sites (Kokko 1999). Clearly, arrival in the breeding area
is constrained by extensive snow cover, which impairs finding food early in spring and
which may result in impaired nest success for early settlers (Prop and De Vries 1993).
On the other hand, costs of early arrival in barnacle geese are offset by a better survival
rate for early-hatched goslings (Prop and De Vries 1993). Which time of migration suits
an individual best (the optimal time) depends on the quality of the individual (Møller
1994), and usually it is thought that there is a gradient with highest quality birds being
first to migrate (Drent and Daan 1980, Francis and Cooke 1986, Marra et al. 1998). Our
results on barnacle geese indicate otherwise: the first birds to leave the staging areas
were the poorest ones achieving lowest ingestion rates and departing with smallest fat
stores. This agrees well with observations in Spitsbergen on the same goose population
by Tombre et al. (1996) showing that later arriving birds had larger body stores. In this
manner geese behaved optimally, as suggested by our models on the timing of migra-
tion. First, the optimal date of departure was earlier for individuals that performed poor-
ly (Fig. 9). In other words, individuals that were unable to accumulate large stores had
the best chance for successful reproduction by departing early to the breeding grounds.
Fig. 10. Isolines for the optimal length of stay (in days) for combinations of date of arrival (y-axis)
and AP at arrival (x-axis).Chapter 11
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Secondly, the observed lengths of stay were close to the predicted optimal values (Fig.
11). Exceptions were individuals that arrived with few stores or that arrived late in the
season, because these birds stayed longer than expected. The reason for this discrepancy
might be that predictions were based on short-term reproductive success which did not
account for effects of the size of fat stores on survival probabilities. The amount of ener-
gy required for migration and maintenance costs during the early stay on the breeding
grounds are substantial, and data on pink-footed geese Anser brachyrhynchus suggest
that a considerable amount of fat is required to survive through spring snow-melt (Drent
et al. 2003). We suggest that in order to avoid the risk of an early death barnacle geese
employ a lower threshold of body stores which enables them to survive the period of
low food abundance.
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Fig. 11. Length of stay in relation to date of arrival (upper) and AP at arrival (lower) (total n=293).
Observed averages (±SE) are compared with the expectations based on the model in Fig. 10.Timing of migration and fat stores
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Does early migration mean early breeding?
Because dates of migration and settling in the breeding colony were correlated (Fig. 8),
we expect that the relationship between reproductive success and date of departure
reflected the seasonal pattern in reproductive success relative to the date of settling. In
general terms this was the case, with a progressive decline in success with advancing
settling dates (Prop and De Vries 1993). There were however striking differences in the
two seasonal patterns. First, the range of dates of settling (18 days) was considerably
larger than the range of migration dates (7 days). Secondly, the depressed success visi-
ble in early migrants was much less pronounced, if present at all, in early settlers.
Apparently, during the chain of events between departure for migration and settling in
the breeding colony the order of goose pairs was re-arranged: early migrants settling
relatively late, and birds that migrated late settling early. Indeed, there was a large varia-
tion among individuals in interval between migration and settling in the colony (in simi-
larity to the variation in time between migration and arrival in the vicinity of the bree-
ding colony, Tombre et al. 1996), and notably intervals were largest for birds that even-
tually failed to hatch the eggs (Fig. 8). Given that the distance to Spitsbergen can be
covered within 24 flight hours (Owen and Gullestad 1984, Butler et al. 1998), coupled
with the finding that the time required to occupy a territory is 2-3 days (Prop and De
Vries 1993), most of the time between migration and settling is spent on snow-free
patches where extensive feeding is possible as long as environmental conditions allow
(Prop and De Vries 1993), which is similar to patterns observed in other goose species
(Fox and Madsen 1981, Bromley and Jarvis 1993, Ganter and Cooke 1996). The ear-
liest barnacle geese settle on 30 May (Løvenskiold 1964), which indicates a pre-laying
time in Spitsbergen of 12 days (assuming departure from Norway on 17 May). This is
identical to the time required for development of eggs (12-13 days, Alisauskas and
Ankney 1992). For most individuals the interval is longer (Fig. 8) which supports the
idea that foraging conditions, and perhaps availability of nest sites, limit the onset of
breeding (Ganter and Cooke 1996). 
Immediately after establishing a territory barnacle geese start egg-laying. Dates of settling were
determined from an observation tower overlooking the colony (in the background).Chapter 11
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Our observations provide an interpretation of the benefit of early migration that dif-
fers from previous suggestions. Rather than breeding early, the advantage that accrues to
migrating early for poor-quality birds is that they have extra feeding time available to
prepare for egg-laying. In this manner they avoid initiating a nest at a late date, in addi-
tion to the benefit of avoiding competition when arriving early (Nolet and Drent 1998). 
The mechanism of the timing of migration
We found strong support for the ‘deposition rate’hypothesis, which suggests that geese
decide to migrate when fat deposition rates drop to a lower threshold. Firstly, because
the pre-condition of a seasonal change in deposition rates was met. Secondly, because
two predictions of the ‘deposition rate’ hypothesis were upheld. The AP at departure
increased through time; and the same appeared to be the case for the individual deposi-
tion rate. 
The seasonal variation in fat deposition rates may have had various causes. Geese
accumulate protein during pre-migration in addition to fat (Alisauskas and Ankney
1992). Deposits are mainly located in the breast muscles and are thus not accounted for
in the AP score. A decrease in fat deposition might reflect a shift to the accumulation of
protein. This explanation is unlikely however, as the seasonal pattern of protein deposi-
tion, with highest rates mid-season, is similar to that of fat (Prop and Black 1998). Also,
fat deposition rates could be a reflection of the efforts of the geese to collect food. For
example waders show a decrease in fat gain immediately before departure by spending
less time feeding (Zwarts et al. 1990). Occasionally we observed a similar behaviour in
barnacle geese by birds resting for 12-24 hours prior to take-off but this time span was
too short to affect trends in deposition rate reported in this paper. Instead, as a most like-
ly explanation for the seasonal trend in deposition rates we regard the effects of food
resource availability. Being strict herbivores, geese are sensitive to changes in the avai-
lability and the quality of the food (Krapu and Reinecke 1992). An increase of food
availability caused an increase in fat deposition rate early in the season and a decline in
food quality through time produced the subsequent decline (Prop and Black 1998). Also
the pattern in deposition rates observed in this study fit well with productive energy
available for fat stores deposition in the same population (Prop and Black 1998). 
An important implication of the ‘deposition rate’ hypothesis is that deteriorating
foraging conditions trigger migration. Birds migrate at a point when it is no longer pro-
fitable to remain in a particular area. In fact this is the basic idea of the green-wave
hypothesis (Drent et al. 1978), which implies a similar mechanism. It also explains why
a substantial proportion of spring staging geese, as observed in several species, take off
for migration before they have deposited any substantial amount of fat (Boyd et al.
1998, Boyd 2000).
The lower threshold of fat accumulation is a likely strategy for animals that live in
environments that are characterized by seasonal fluctuations in food availability, as for
(migratory) herbivores in general (Albon and Langvatn 1992). Animals that use agri-
cultural habitats may employ a different strategy because of the generally larger food
abundance and higher food quality. Rather than a threshold in deposition rate, in theseTiming of migration and fat stores
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richer systems the alternative ‘mass-threshold’ may hold. Indeed, individuals of the
same barnacle goose population that staged on agricultural fields obtained more fat and
stores were deposited at a higher rate (Prop and Black 1998). 
Fat deposition rates: individual variation in deposition rates
In arctic-breeding geese large energy stores deposited during spring staging are thought
to be a prerequisite for successful migration and reproduction (Madsen 2000). Indi-
viduals achieving high fat deposition rates are therefore positively selected for. Varia-
tion in deposition rate among individuals can be expected to depend on differences in
foraging abilities. Indeed, this is supported by the close correspondence in seasonal
trends in fat deposition rate and in food ingestion rate (Fig. 6 and 7). The observations
thus imply a direct link between foraging behaviour and the size of fat stores deposited.
However, the higher deposition rates in individuals that arrived late or with few stores
were not correlated with higher food ingestion rates. Instead, late arrival appeared to
correlate with lower food ingestion rates (Fig. 6). Birds that (partially) compensated for
late arrival or low body stores at arrival must have obtained the additional body stores
somehow and we suspect they did by spending more hours foraging per day. This may
have included earlier arrival on the feeding grounds in the morning, later departure to
the roost, and shorter resting spells throughout the day. If true, this would be a parallel
to the performance between different populations in bar-tailed godwits Limosa lappo-
nica during pre-migratory fattening (Scheiffarth et al. 2002). Those populations differed
in the amount of time spent foraging per day, which explained the differences in rate of
deposition of body stores. We expect that there are fitness costs associated with more
intensive foraging, for example because increasing foraging time entails an increased
risk of being predated (Metcalfe and Furness 1984, Whitfield et al. 1988). Although we
rarely observed geese being predated, potential predators were abundant in the area
(white-tailed eagle Haliaeetus albicilla,e agle owl Bubo bubo, mink Mustela vison).
Similarly, Madsen (1998) suggested a trade-off between food intake and predation risk
in pink-footed geese.
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Chapter 12
Impact of snow and food conditions on the reproductive
performance of Barnacle Geese Branta leucopsis
Jouke Prop and Jan de Vries
Abstract
Breeding performance of arctic-breeding birds is closely related to the timing of snowmelt. We
studied the herbivorous barnacle goose during the nest phase in Spitsbergen to examine the hypo-
thesis that this relationship is due to variation in food availability. We described for various lands-
cape units the release from snow-cover, and within each of these the growth of the main food
plants since snowmelt. In general terms, the diet of the geese followed the availability of food,
although there were large differences between the sexes; early in the season females took main-
ly herbs, and males mainly mosses. Graminoids were among the latest plants to appear in spring,
but once they started to grow, they became an important part of the diet of the geese. The increase
in food availability through spring resulted in an increase in the net food intake rate. In early
snowmelt years, the number of recesses increased through the incubation period. The same trend
was true in late snowmelt years, but females spent much more time off the nest due to the larger
number of recesses per day and due to longer recess lengths. The time spent feeding per day by
males was much less affected by the earliness of the snowmelt. Surprisingly, the timing of snow-
melt hardly affected the proportion of pairs initiating a nest. Instead, the breeding output from
the colony was to a large extent determined by nest success and by the brood size at hatching.
Comparing within a season, the nest success increased with date of settling in early years, but
showed a decreasing trend in late years. The survival rate of goslings from hatch through autumn
migration to the wintering grounds was negatively related to date of settling in all years. This
resulted in largest numbers of goslings for pairs that initiated breeding early. We conclude that
the timing of incubation was ultimately controlled by the availability of food throughout summer,
being an evolutionary trade-off between a late start (favourable foraging conditions during the
egg stage, which enhanced the probability of successfully hatching the eggs), and an early start
(resulting in a high survival rate of the off-spring).
Published in Ornis Scandinavica 24: 110-121 (1993) ©Introduction
In Arctic-breeding geese, the problem of poor feeding conditions in the breeding range
selects for body stores being deposited while the geese are in more southerly staging
areas (MacInnes et al. 1974, Newton 1977). Such stores are used as a source of energy
and nutrients as long as food intake during breeding is insufficient to meet the require-
ments for reproduction (Ankney and MacInnes 1978,Ankney 1984). Snow-cover is the
prime factor hampering feeding by geese, as it is in other herbivores in Arctic environ-
ments (Chernov 1985). As a consequence, the later the spring thaw, the more geese have
to rely on their body stores for maintenance, and the lower their reproductive success
(Barry 1962, MacInnes et al. 1974, Newton 1977, Owen and Norderhaug 1977, De
Boer and Drent 1989). The correlation between snow-cover and breeding success is
even used for management purposes in the wintering grounds by predicting the pro-
ductivity of Arctic goose populations from information on snow-cover on the breeding
grounds in spring (Kerbes and Moore 1975, Reeves et al. 1976). However, there is lit-
tle known about the precise mechanism of this relationship, although several hypothe-
ses have been suggested to explain the phenomenon. The low production in some years
could result (1) from a high proportion of birds deciding not to breed at all (Barry 1962),
(2) from a delay of breeding which pushes the birds into an unfavourable time schedu-
le (Perrins 1970, Green et al. 1977), or (3) by enhanced predation rates (Meltofte 1985). 
In order to understand why the reproductive success of Arctic-breeding geese is clo-
sely related to spring phenology, three points are important: (1) the shifts in plant avai-
lability when snow recedes from the breeding range in spring, and the actual use of the
food resources by geese; (2) the factors that determine the timing of egg-laying; and (3)
the stages of the breeding cycle during which delayed spring thaw has its effect. We stu-
died these issues in the Barnacle Goose Branta leucopsis breeding in Spitsbergen.
The goose population and study area
About 20% of the Spitsbergen Barnacle Goose population (around 8000 individuals in
the years of study, 1978-1981; Owen 1984) occurred in the study area, the coastal plain
of Nordenskiöldkysten, West-Spitsbergen (77º50'N 13º45'E). The main breeding colo-
ny studied (Fig. 1), about 150 pairs, was one of the larger colonies of Spitsbergen (Pres-
trud et al. 1989). The colony was located on an island (Diabasøya, c. 2 ha), about 100 m
offshore. Less than half of the island was covered with a sparse vegetation of mosses,
locally interspersed with graminoids and herbs; the remaining parts were barren. In
1989 additional observations on nest success were obtained at a nearby island-group,
StHans Holmane, with a goose colony of about 50 pairs.
On the mainland (which we call tundra) the following habitats were distinguished
(see also Fig. 1): (1) the Polar semi-desert (Bliss 1981), hereafter referred to as fjellmark
(see Elvebakk 1985), (2) wet moss-meadows, (3) mudflats, and (4) the beach wall. On
the basis of physiognomic characteristics, habitats were subdivided into landscape
units, for example the fjellmark into peaks, slopes and depressions of rocky outcrops,
ridges and slopes of raised beach ridges, and gravel plains.
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with cushion dicotyledons, low deciduous shrubs, lichens, and mosses. Moss-meadows
(8% of the area) occurred in depressions, where drainage was impeded. The vegetation
of these meadows consisted of a closed moss carpet (mainly Calliergon spp.), with gras-
ses (Dupontia fisheri) or sedges (Carex subspathacea) occurring locally. Mudflats (less
than 1% of the area) were located around shallow lagoons, sparsely covered by
Puccinellia phryganodes. The beach wall consisted of deposits of sand and pebbles,
with scattered dicotyledons, mainly Saxifraga caespitosa.
Vertical relief resulted from the following landscape features: (1) the sandy beach
wall, (2) the raised former beach ridges and hills further inland, and (3) irregularly dis-
tributed rocky outcrops.
Methods
Snow-cover
Throughout spring, snow-cover on the tundra was visually estimated. In addition, snow-
cover was recorded on transects located in each habitat. Each transect was 10×200 m,
divided into squares of 10 × 10 m which were marked by cairns or stakes. Care was
taken to cover all landscape units. Every other day snow contour-lines were drawn on
field sheets. After disappearance of the snow the landscape units were mapped, which
allowed us to calculate snow cover for each of the landscape units separately.
Plant phenology and timing of breeding
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Fig. 1. Map of the study area on the west coast of Spitsbergen with the colony island and neighbou-
ring mainland tundra. The main feeding sites for Barnacle Geese were at a distance of 0.5 - 2 km
from the colony. The range of feeding flights rarely exceeded 2.5 km (indicated by circle segment).
Observation huts allowed a view over the colony (A), moss-meadows (B) and the fjellmark (C and D).Food availability
The availability of food plants was non-destructively measured in plots (20 × 20 cm)
which were inconspicuously marked with small pegs. Plots were established close to the
snow-line. Food availability in each plot could thus be related to the number of days that
had elapsed since the site had emerged from snow-cover. Every other plot was protec-
ted from grazing by geese with coarse mesh wire. The plots were sampled at intervals
of 1 to 4 days, depending on the frequency that geese visited the sampling sites. In all
plots the number of each of the following food items was recorded: the branches of
Equisetum variegatum, the buds of Salix polaris, the seed heads of the previous year and
the fresh flowers of Cerastium arcticum, Saxifraga oppositifolia and S. caespitosa, the
plants of Cochlearia officinalis and Polygonum viviparum, and the green shoots of
Dupontia fisheri and Carex subspathacea. In addition, the lengths of the branches of
Equisetum and the blades of the graminoids were measured. Because graminoids occur-
red in high densities, they were measured in 4 sub-samples of 25 cm
2 within each plot.
The measurements were made in the field, or stereo-photographs of the plots were taken
for later processing.
Observations of geese
The geese in the colony were observed from an observation tower on the beach wall.
Hides were erected on the tundra to observe birds during their feeding trips.
Approximately 60% of the individuals in the study colony had large leg rings (details
of the ringing scheme in Ogilvie and Owen 1984). Using an astronomical telescope, the
engraved code on the rings was readable at a distance of up to 400 m.
Arrival and settling
In early spring, the phenology of goose arrivals in the breeding colony was registered
by scanning the island for marked geese. The identification of the newly arrived pairs
was facilitated by their restlessness while prospecting for a nest site. We classified a pair
as settled when the geese occupied one particular nest site for at least one day. During
the day of settling, the female completed a nest bowl, which corresponded to the laying
of the first egg (based on observations in 1989 from a hide at the edge of a breeding
colony). Where appropriate, settling dates were expressed as the number of days before
or after the annual mean settling date.
Reproductive performance
The location of pairs visible from the observation tower was mapped on profile photo-
graphs of the breeding island. We followed the reproductive performance of all pairs by
daily scanning their status. The date of nest desertion, or the date of hatching and the
number of eggs hatched was noted. Successful nests were defined as those hatching at
least one egg. Brood size of the marked pairs was recorded whenever they were resighted
in the study area in Spitsbergen, or, later in time, in the wintering area in Scotland. Obser-
vations of pairs that were observed both in the breeding colony and in Scotland were used
to calculate the survival rate of the goslings from hatching through autumn migration.
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colony if they had bred in the colony in at least one year, and were known to be alive
(based on observations in Spitsbergen, supplemented with sightings on the wintering
grounds, M. Owen unpublished). Pairs in the local population that did not attempt to
breed in the colony in a particular year were assumed to be non-breeders. The probabi-
lity that they were breeding in another colony was negligible (J.P., unpublished). In
order to minimize the effect of a different age structure in comparisons among years,
annual values for the proportion of pairs breeding, nest success and brood size were
based only on pairs of which one or both partners were at least 3 years old. This neglects
that full reproductive maturity in geese is achieved at an age of about 5 years (Rockwell
et al. 1983, Owen 1984). But the reduction in fecundity of 3- and 4-year-olds is relati-
vely small (e.g. in Snow Geese Anser caerulescens the clutch size of 2-year-olds is 25%
smaller than that of geese 5 years old or older, whereas for 3- and 4-year-olds the dif-
ference is less then 10%, Rockwell et al. 1983). The inclusion of 3-4 year-olds in our
analysis is therefore assumed to have a minor effect on the trends reported. To obtain
sufficient sample sizes, seasonal trends in nest success and brood size at hatching were
calculated including younger pairs and pairs of unknown age (both partners unringed).
A potential confounding effect of age and timing of nest initiation will be dealt with
separately (see discussion).
Activities and tundra visits
Each year the activities of 40 pairs were scanned throughout the incubation period. The
location of the geese (nest site or mainland tundra), and their activities (feeding or not)
were recorded every 15 min on observation days. The daily number of visits to the tun-
dra, the total recess time, and the time spent feeding close to the nest were estimated
from these observations. Data refer to the ‘day-light’-period only (between 7 a.m. and
8 p.m.). In the four study years, this period was covered on 13, 24, 26 and 22 days,
respectively. According to observations throughout the 24 h cycle (on 5, 6, 9 and 7 days,
respectively), females had most of their tundra visits within the day-period (89.5%,
averaged for 90 individuals), and so the presented figures on activities approximate the
values for the total day. Males were active to a large extent during the ‘night’-hours, and
the presented figures represent 50.9% (average for 88 individuals) of the daily number
of visits to the tundra.
There were hardly any tundra flights during forceful winds (J.P., unpublished). The
few observation days on which the average wind force exceeded 5 Beaufort were there-
fore excluded from analysis of seasonal trends in activity.
The presence of marked birds on the mainland tundra was monitored by recording
the arrival and departure times of geese landing in the vicinity of the hides. We noted where
the geese came from and where they departed to after the visit. The average duration of
goose visits to each habitat was calculated from mainland trips that were completely
observed.
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Diet composition was assessed by microscopical analysis of droppings. To obtain drop-
pings of breeders only, and for each sex separately, marked individuals were followed
with a telescope, and the location of droppings produced were plotted on field sketches
(using marker stakes or stones as reference) for subsequent recovery. Droppings were
dried at 50ºC, and stored for later examination. In the laboratory droppings were ground
and homogenized in a blender. Microscopical preparations of each dropping were made
to identify plant fragments by epidermal structure. The procedure used to estimate the
proportional weight of different food plants in the droppings, and hence in the diet, fol-
lowed Owen (1975) and Prop and Deerenberg (1991).
Intake rate
The (gross) intake rate of food was estimated by multiplying the pecking rate by the bite
size. The bite size of flowers, buds, rosettes and rhizomes was derived from the average
weight of each plant part (weighing 25 items per sample). The bite size of Equisetum
and graminoids was assessed by dividing the total length of blades removed by geese
from a plot by the cumulative number of pecks directed towards it (see Prop and
Deerenberg 1991). The lengths were derived from stereo-photographs that were taken
before and after grazing. Lengths were converted into weights by means of length-
weight ratios of the food species. Different techniques had to be used to estimate the
bite size of mosses, depending on the structure of the moss carpet. (1) When the basal
parts of dense moss carpets were still frozen, the geese grazed the top layer of the mos-
ses. Marked plots (20×20 cm) in these carpets were observed to determine the cumu-
lative number of pecks directed at the plots. The amount of moss removed was estima-
ted by assessing (a) the number of grazed shoots in the plot; (b) the length removed per
shoot by comparing the length of the green part of grazed and ungrazed shoots; (c) the
length-weight ratio of the mosses. (2) In less dense moss carpets, geese extracted tufts
of moss shoots. Tufts rejected were collected and weighed (25 tufts per sample). We
assume that the rejected tufts were similar in weight to the swallowed ones. (3) Along
the water edge, geese dug for large lumps of mosses. The length of these lumps was esti-
mated using the bill as a reference. A relationship between the length of a piece of moss
and its weight was established. Pecking rates for each food type were assessed by
measuring the feeding time required for 50 pecks.
For food type i the net energy intake rate NEIRi (or metabolizable energy intake
rate) was obtained by multiplying the gross intake rate by the (apparent) metabolizable
energy content (ME, kJ g
-1 dry matter; Karasov 1990). The measurements of the ME of
the various food species are described in Prop and Vulink (1992). The overall net ener-
gy intake rate NEIR was calculated as
where the diet is composed of j food types and Di= the proportion of food type i in the
diet.
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NEIR = ∑Di ×NEIRi,
i=1
jStatistical analysis
Statistical techniques were taken from De Jonge (1963) and Snedecor and Cochran
(1967). Analyses were performed using a standard statistical package (Norusis 1986).
Multiple observations on individuals were averaged per grouping variable in statistical
tests to preserve the independence of observations.
Results
Snowmelt patterns and settling by barnacle geese
Snowmelt was sudden; during a 1 or 2 week period a large proportion of the area reap-
peared. The timing of the melt period varied among years, from mid-June in early years
to July in late seasons (Fig. 2). From 15 May onwards Barnacle Geese were observed
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Fig. 2. A. Temporal recession of snow from the tundra in 5 years. The timing of reproduction by
Barnacle Geese is shown at the top (averages (heavy lines) and the range). B. Percentage of the local
population that attempted to breed, percentage of pairs successfully hatching their eggs, and average
brood size at hatching. Numbers are sample sizes.in Spitsbergen by local people. Thus, spring thaw followed the arrival of the geese by 4
to 6 weeks. Before geese moved to the breeding colony, they were found on a few sites
where snowmelt was more advanced than in the coastal breeding habitat, i.e. on south
facing mountain slopes (5-22 km from the colony). The timing of arrival in the breeding
colony was associated with the spring thaw. Most of the pairs (77%) settled on their ter-
ritories within 3 d after arrival (average ± S.D. was 2.4 d ± 2.7, n=150). In 3 out of 4
years, geese settled on average 12 d before 50% of the tundra was released from snow-
cover. One of the study years (1981) was an exception; the birds settled 22 d before the
tundra was 50% snow free. In that year an unusual amount of fresh snow was falling
after the geese had settled, and this obviously retarded the recession of snow from the
tundra.
Snowmelt in relation to topographical relief
The different habitats and landscape units on the tundra were released from snow-cover
in a fixed sequence (Fig. 3), depending on the thickness of the snow-layer. The first
parts of the tundra that became snow-free were the crests of the beach ridges, and the
peaks of outcrops. Thereafter, the slopes of ridges and outcrops were released from
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Fig. 3. Recession of snow from the various habitats or landscape units in relation to snow-cover of
the total study area. The main food plants in each type are given. Percentages at the left are the rela-
tive areas.snow-cover, followed by the flat behind the beach wall. Subsequently, the gravel deserts
and mudflats appeared, and finally the moss-meadows. The main food species for the
geese in each landscape unit are indicated in Fig. 3.
Availability of food plants after emergence from snow-cover
When the snow receded, several food plants appeared immediately. The seed heads of
Cerastium arcticum, Saxifraga oppositifolia and S. caespitosa from the previous year
were available only temporarily (Fig. 4), because they degraded soon after emergence,
the seeds falling onto the ground. Equisetum was available as soon as the snow retrea-
ted, but intensive grazing by geese caused a rapid decline in availability. Moreover, once
the snow-line had retreated, the branches of Equisetum dried, and were taken by geese
only during spells of precipitation. The same pattern in availability applied to the roset-
tes of Cochlearia officinalis, and the rhizomes of Polygonum viviparum. Mosses were
exploited as soon as they appeared. Mosses formed a virtually inexhaustible food sup-
ply, although the geese seemed to prefer mosses when the plants were anchored in the
ice: they could then scrape the upper, most nutritious parts with the bill, without pulling
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Fig. 4. Patterns of food availability in relation to the emergence from snow-cover (=day 0): on gra-
zed tundra (dashed), and in exclosures (solid lines). Availability of each species expressed as a per-
centage of the observed seasonal peak values. The data refer to (A) seed heads of Cerastium (n=3),
(B) buds of Salix (n=10), (C) Equisetum (n=9), (D) Dupontia (n=12). Important food plants with
similar patterns of availability are given at the top of each frame. All changes between subsequent
measurements were significant (paired-samples t-test, 1-tailed, p<0.05), except were indicated (ns).out the dead lower parts.
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Table 1. Daily frequency and duration of visits to the tundra, and time spent feeding around the nest
during the incubation period, for early and late years separately. Data refer to the mid-day period
only (7 a.m. - 8 p.m.). Calculations based on seasonal averages per individual. Differences between
years tested with Mann-Whitney test.
Early years Late years P
× ±S.D. n × ±S.D. n
Frequency of males 1.02 ±0.68 69 0.62 ±0.61 85 <0.001
visits (no d
-1) females 0.95 ±0.48 70 1.28 ±0.64 90 <0.001
Duration of males 28.2 ± 8.7 69 38.4 ±15.8 79 <0.001
visits (min) females 42.3 ±18.7 69 64.2 ±29.5 90 <0.001
Recess time males 28.8 ±20.9 69 23.8 ±20.5 85 <0.05
(min d
-1) females 41.1 ±35.7 70 85.1 ±61.8 90 <0.001
Time feeding in males 38.1 ±49.1 69 53.8 ±46.3 85 <0.001
colony (min d
-1) females 7.6 ±28.2 70 9.0 ±30.1 90 >0.05
Fig. 5. Seasonal pattern in the frequency of visits to the tundra by Barnacle Geese (mean ± 1 SE) in
early and late seasons. The time scale is the number of days before or after 50% of the tundra became
snow-free. Regression lines are y=0.966+0.062x+0.933s (r
2=0.19, n=1306, p<0.001) for females, and
y=0.983+0.069x (r
2=0.22, n=1263, p<0.001) for males; s is a dichotomous variable indicating the
earliness of the season (0=early, 1=late).Other plant species started development after emergence from snow-cover. The
buds of Salix polaris attained largest size 5-10 d after emergence. Geese grazed indivi-
dual plants during these few days, ignoring them as soon as the buds had developed into
leaves. Saxifraga oppositifolia was the first plant species that flowered in spring. The
availability of the flowers was similar to that of Salix buds, although it took somewhat
longer for them to develop after emergence from snow-cover. Geese grazed flowers on
clear days only, when the sun induced the flowers to produce nectar (see also Hocking
1968).
The growth of graminoids in the moss-meadows, Dupontia fisheri and Carex sub-
spathacea,b egan when the moss substratum started to thaw (Fig. 4). Seven days after
emergence from snow-cover the first leaves appeared, and these were immediately grazed
by geese. Once active, the graminoids continued to produce new leaves, and were thus
a continually renewing food resource.
Frequency of tundra visits
In males, the daily number of visits to the mainland was positively related to spring phe-
nology, irrespective of the earliness of the season (Fig. 5). Apparently, they synchro-
nized the tundra visits with the stage of the spring thaw. As a consequence of this pat-
tern, the average visit frequency was higher in early than in late years (Table 1). Instead,
in late years males spent more time feeding close to the nest. In females, frequency of
visits to the mainland tundra was related to the snowmelt as well, but with an additional
effect of the earliness of the season (Fig. 5). Consequently, females visited the tundra
more frequently in late than in early years (Table 1). The average time spent feeding
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Fig. 6. Diet composition of females and males in relation to the stage of snowmelt on the tundra
(data of three years combined). The increasing proportion of graminoids in the diet was largely
responsible for an increase in the net energy intake rate (scale at the right of each panel). Numbers at
the top are sample sizes.Plant phenology and timing of breeding
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Table 2. Intake rate of Barnacle Geese for the most important foods during the incubation period.
Weights are on an organic matter basis.
Peck rate Bite size ME * Intake rate
(n min
-1) (mg) (kJ g
-1) (g min
-1)(kJ min
-1)
× ±S.D. n × ±S.D. n
Graminoids
Dupontia fisheri 131 ±16 290 2.5 ±0.4 12 9.2 0.32 2.95
and Carex subspathacea
Mosses
Calliergon spp.-top 87 ±9 75 2.7 ±0.7 11 3.1 0.235 0.73
-tufts 81 ±9 42 2.3 ±1.5 12 3.1 0.19 0.59
-lumps 76 ±11 45 10.7 ±3.1 50 3.1 0.81 2.52
Forbs
-seed heads
Cerastium arcticum 28 ±5 30 5.5 ±3.2 43 8.4 0.15 1.29
Saxifraga oppositifolia - 8.8 ±4.0 50 - - -
-flowers
Saxifraga oppositifolia 45 ±5 32 5.4 ±1.2 40 8.7 0.24 2.11
-buds
Salix polaris 63 ±9 116 2.3 ±1.7 44 6.85 0.15 1.03
-rosettes
Cochlearia officinalis - 6.7 ±4.0 12 - - - 
Equisetum variegatum 55 ±5 22 2.4 ±1.2 8 8.8 0.13 1.16
* Metabolizable energy content (after Prop and Vulink 1992)
around the nest was low in both early and late snowmelt years.
Diet composition
The diet composition changed as the season progressed (MANOVA: in females
F24,345=3.01, p<0.001; in males F21,258=4.36, p<0.001). At the earliest stage of the season
females fed on forbs and xerophylous mosses on the few snow-free patches close to the
colony (Fig. 6). Thereafter, forbs (especially seed heads of different plant species) pre-
dominated in the diet for about ten days. After the forbs-period the moss-meadows
became available, and females started to feed on mosses. The proportion of forbs in the
diet of females decreased to a level of 50%, remaining constant for the rest of the incu-
bation period. As graminoids became available, they gradually replaced the mosses in
the diet.
The diet composition of males differed from that of females (MANOVA F3,198=3.75,
p<0.05; classifying the diets for each sex in 5-d periods). In males, the proportion of
forbs in the diet was lower than in females, whereas that of mosses was higher; the pro-
portion of graminoids in the diet did not differ between the sexes (F1,200=9.56, p=0.002;
F1,200=8.15, p=0.005; F1,200=0.20, p>0.05). As soon as the moss-meadows became avai-
lable, males utilized them heavily. Mosses predominated in the diet for several weeksChapter 12
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(on average c. 70%). Thereafter, the importance of graminoids in the diet increased, as
it did in females.
Fig. 7. Seasonal trends in the duration of visits to different habitats (means ± 1 SE). The time scale
is the number of days before or after 50% of the tundra became snow-free. Visits by males to the
tundra were almost restricted to moss-meadows. Females: fjellmark y=91.95-0.54x-0.06x
2 (r
2=0.04,
n=501, p<0.001); moss-meadow y=35.7+0.20x (r
2=0.01, n=409, p>0.05); beach wall y=24.15-0.003x
(r
2=0.00, n=190, p>0.05). Males: moss-meadow y=27.08+0.38x (r
2=0.02, n=656, p<0.005).Plant phenology and timing of breeding
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Profitability of food species
Bite size was largest for the plants of the fjellmark (Table 2). In particular, rosettes of
Cochlearia, the old seed heads of Saxifraga oppositifolia and Cerastium arcticum, and
the flowers of S. oppositifolia provided large bites. The branches of Equisetum varie-
gatum, the buds of Salix polaris and graminoids allowed smaller bite sizes. Geese fee-
ding on mosses (Calliergon spp.) had variable bite sizes, being intermediate when they
cut the top layer or took tufts, and large when lumps from submersed moss carpets were
taken. The latter feeding tactic was only observed late in the spring when all snow and
ice had disappeared. Geese feeding on graminoids had the highest pecking rates. More-
over, the metabolizable energy content of graminoids was high, and consequently, geese
attained highest net energy intake rates when feeding on graminoids. The shift in diet
towards more profitable foods caused an increase in the average net energy intake rate
Fig. 8. Reproductive performance of Barnacle Geese in relation to the timing of settling, for early
and late years: A. nest success; B. brood size at hatching; C. brood size in the wintering area in
Scotland (the percentages are the survival rates from hatching); D. brood size per nesting attempt
(=A×C×10
-2). Numbers at the data points are sample sizes.Chapter 12
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in both sexes (Fig. 6).
Duration of tundra visits in relation to the food type
During their tundra visits, geese developed a clearly visible distension of the lower throat,
and we suppose therefore that geese were foraging until they had filled the oesophagus.
This implies that the duration of a visit reflected the foraging conditions. The duration
of visits by females to the fjellmark was 90 min until the tundra was 50% snow-free,
when it declined to 60 min (Fig. 7). The decline coincided with the recession of snow
from large parts of suitable feeding sites on the fjellmark (compare the pattern of snow
clearance from the fjellmark in Fig. 3), which probably lessened the time required to
search for a feeding site. Females visited the moss-meadows for a shorter period than
the fjellmark (average durations per individual 36.2 and 86.8 min; Mann-Whitney
Z=2.24, n1=111 and n2=20, p<0.05), which agrees with the different gross intake rates
in the two habitats (see Table 2). As graminoids became more important as a food source,
the duration of visits to the moss-meadows tended to increase slightly (r=0.08, n=410
visits). During the first days of the incubation period, females regularly visited the
beach wall. These visits were short (on average 24.2 min), and mostly the birds came to
drink in melt-water pools only.
Males fed predominantly in moss-meadows. Their visits were shorter than those of
females to the same habitat (29.5 and 36.2 min, Mann-Whitney Z=4.18, n1=117 and
n2=111, p<0.001). This disparity is probably related to a higher (gross) intake rate of the
males, which was due to the inclusion of a larger proportion of mosses in the diet (Fig.
6). The duration of the visits to the moss-meadows tended to increase in the course of
spring (r=0.14, n=656), coinciding with a gradual shift in the diet composition from
Fig. 9. Comparison between the energy stores at the start of incubation and the energy needs for the
entire incubation period for geese of different body mass (females only). In particular, the smaller
species have a large energy deficit which has to be covered by ingesting food. Data from Ankney
(1984), referring to early breeding seasons only; the (winter) body mass from Owen (1980).Plant phenology and timing of breeding
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mosses to graminoids.
Recess time per day
The amount of time that females were absent from the nest each day was greater in late
than in early years (Table 1). This was caused by a combination of two factors: (1) in
late years females visited the tundra more frequently (Table 1), and (2) it took longer
before moss-meadows became available in late years, and females spent therefore a lar-
ger proportion of their tundra visits on the fjellmark, resulting in longer tundra visits
(Table 1). The time spent feeding in the vicinity of the nest did not differ between early
and late years.
Males spent, on average, slightly less time on the tundra in late than in early years
(Table 1). This was caused by the lower frequency of tundra visits. In late years, more
time was spent feeding close to the nest.
During the early breeding season, snow cover rules where geese feed and what they take.Breeding performance in relation to the timing of settling
In early years, the probability of hatching eggs increased progressively for individu-
als that settled later in spring (Fig. 8A; test for trend with standard normal statistic T:
T=+3.08, p<0.002). In years of late snowmelt, nest success was highest for the pairs set-
tling at intermediate dates (test for trend in relation to the absolute value of the deviation
from the average settling date: T=-2.81, p<0.005).
Brood size at hatching was independent of the date of settling (Fig. 8B; in early
years: r=0.004, n=179, p>0.05; in late years: r=0.02, n=60, p>0.05). But in the wintering
area (in October), an inverse relationship appeared between the brood size (including
pairs that had lost all their young) and the date of settling (Fig. 8C; in early years: r=-
0.40, n=75, p<0.001; in late years: r=-0.11, n=21, p>0.05). This was caused by a decre-
ased survival rate of goslings that hatched later (Fig. 8C; test for trend, in early years:
T=-3.76, p<0.001; in late years T=-0.38, p>0.05).
Fig. 8D combines the data on nest success (Fig. 8A) and brood size of the success-
ful pairs (Fig. 8C), and provides information on the average number of goslings that sur-
vived the autumn migration for each breeding attempt. It appears that in early years the
opposing trends of nest success and gosling mortality in relation to the date of settling
resulted in a net advantage for the first settlers. Pairs that settled on the days close to the
average date, or even preceding it, were equally successful in raising young, in distinc-
tion to the markedly reduced success of pairs starting beyond the average date. In late
years, the breeding success in relation to the settling date seemed to show a similar
dichotomy, but the small sample size precludes a decisive conclusion.
Annual variation in breeding performance
The proportion of the local population that initiated a nest was inversely related to the
average date of settling (r=-0.90, 1-tailed p=0.05, n=4; Fig. 2), while nest success and
the average brood size at hatching were both negatively related to the timing of the
spring thaw (=date at which 50% of the tundra was snow-free)(r=-0.95, r=-0.89,
p<0.05, n=5, Fig. 2). The survival rates of goslings in the colony (in the order of the
years in Fig. 2: 91.6, 93.5, 97.5, 63.6 and 71.9%) were negatively related to the spring
thaw as well (r=-0.87, p=0.05, n=5). The annual reproductive output of the colony
(=proportion of the local population breeding ×proportion of nests successful ×brood
size at departure from the colony) was thus strongly affected by the earliness of the
snowmelt (r=-0.98, n=4, p<0.02). Nest success varied most among years, followed by
brood size at departure, and proportion of pairs that initiated a nest (the coefficients of va-
riation were 56.7, 27.6 and 12.7%, respectively). Hence, nest success had the strongest
effect on the annual variation in reproductive output.
Discussion
Barnacle Geese arrive on breeding areas with inadequate nutrient stores to complete
egg-laying and incubation, a problem they share with other Arctic-breeding goose spe-
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1974, Raveling 1978, this study), even lower body stores are available for reproduction
in late years (e.g. Barry 1962, MacInnes et al. 1974). In order to retain stores for body
maintenance through the nesting period less should be invested in the production of
eggs, which can explain the almost universal trend in geese of smaller clutches in late
seasons (e.g. Newton 1977, Davies and Cooke 1983, Hamann et al. 1986, and this study,
Fig. 2). However, we infer from our observations that a reduction of clutch size in late
years did not completely compensate for lower body stores and adverse foraging con-
ditions, because, in spite of smaller clutches, more time was invested in feeding (Fig. 5
and Table 1). More time off the nest increased the risk of egg predation by Glaucous
Gulls Larus hyperboreus (J. Prop and M. van Eerden, unpublished); the lower nest suc-
cess in late years was the most important source of variation in reproductive success
among years (Fig. 2).
Only females showed large variation in feeding activity on the tundra among years.
There are two reasons for the different feeding patterns of the sexes. First, males are less
severely stressed, in energetic terms, than females since their body stores are more 
voluminous during the incubation period (Barry 1962, Ankney 1977 a and b, Raveling
1979, Ankney 1984), which makes them less susceptible to adverse conditions in late
years. Secondly, in late years males spent more time feeding in the breeding colony,
close to the nest (Table 1), which probably served as an alternative way to find food as
long as foraging conditions on the tundra were poor.
We support the suggestion that depletion of body stores due to a delay of egg-laying is
the underlying cause of reproductive failure in geese (e.g. Barry 1962), but why then do
geese postpone breeding in late years? In Barnacle Geese, the timing of egg-laying is
not dependent on the availability of nest sites, because breeding colonies are located on
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ultimate advantage of tuning breeding to spring thaw is discussed below.
Food availability in relation to snow-cover
The phenology of arctic plants, and hence the development of food resources for herbi-
vorous geese, is closely linked to the disappearance of snow (e.g. Sørensen 1941,
Wielgolaski and Kärenlampi 1975, Webber 1978). For two reasons, the availability of
food does not simply parallel the snowmelt on the tundra. First, the release of the tun-
dra from snow-cover parallels a gradient in soil nutrients. The highest parts of the fjell-
mark, which are exposed first, are well-drained, and soil nutrients are easily washed out
with melt water (Ryden 1981). Primary production in these areas is therefore low
(Wielgolaski et al. 1981), as is the amount of food available for geese. Areas that are
more productive are exposed later in spring. Secondly, plant species differ in the way
they grow before and after emergence from snow-cover. Many of the food plants on the
fjellmark are edible as soon as they appear, but graminoids in the moss-meadows require
a relatively long time to develop leaves that are sufficiently large to be eaten by geese
(Fig. 4). This pattern enhances the trend that parts of the tundra with the highest pro-
duction of food are the last to become available. These changes in plant availability
brought about a shift in diet of the geese towards more profitable food species. As a con-
sequence of the improving conditions, the net energy intake rate progressively increased
(Fig. 6). In females, this coincided with a shift in habitat choice (Fig. 7), leading to a
reduction in the average duration of tundra visits.
Reproductive success in relation to the timing of breeding
It is well recognized that the short arctic summer imposes constraints on the reproduc-
tive abilities of geese (e.g. Barry 1962, MacInnes et al. 1974, Newton 1977, Sedinger
and Raveling 1986), the breeding season being compressed between spring thaw and
senescence of food plants in the autumn. Our observations provide evidence that the
evolutionary decision when to initiate incubation is a trade-off between (a) late settling
in order to increase the probability of successfully hatching the eggs; and (b) early sett-
ling to enhance the survival rate of the goslings (Fig. 8). Several factors may be involved
in producing these relationships.
(1) Changes in the available food supply. By settling later, geese can benefit from
foraging conditions in a more advanced phenological stage. This means that, on average,
the same amount of net energy is obtained in less time in comparison with individuals
settling earlier. In this way, later settling enables geese to invest more of their time in
nest attendance and protection, and this likely enhances the observed positive relations-
hip between nest success and settling date.
Later in summer, after hatching, the foraging conditions rapidly deteriorate, because
tundra graminoids, the principal food plants during the fledging period (M. van Eerden,
unpublished), show a rapid decline in production and protein content after the spring
flush of growth (Chapin 1978, Barry et al. 1981, Dowding et al. 1981, Sedinger and Ra-
veling 1986). Consequently, goslings that hatch late in the season have to ingest foods
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(1986) pointed out. The lower quality of the food for these goslings probably affects the
ultimate physical condition at departure from Spitsbergen in the autumn, and therefore
the probability of survival (see also Owen and Black 1989).
(2) Predation pressure. There is no reason to suspect that early settling geese were
subjected to a higher predation pressure than those settling later. Nor is it likely that the
observed trend in nest success was caused by an enhanced risk of predation of eggs
during the period that only few pairs had settled (as Findlay and Cooke (1982b) explain a
similar pattern in Lesser Snow Geese), since most nest desertions by early settlers took
place later when all pairs had initiated breeding (the average interval ± S.D. between
settling and nest desertion was 19.4 d ± 9.0, n=207). In contrast, predation pressure
during the fledging period might be a selective force favouring early settling, because,
once the families had aggregated into flocks, Arctic foxes Alopex lagopus appeared to
select the youngest goslings by taking the slowest individuals (J.P., unpublished).
(3) The time available for pre-migratory fattening. After completing the wing moult
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Driven by the autumn snow, barnacle geese depart from Spitsbergen for a 3000 km migration.213
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Survival costs related to the timing of breeding and brood
size in Arctic barnacle geese
Jouke Prop, Rudi H. Drent, Myrfyn Owen
Abstract
In many animals, reproduction results in a lower probability of survival but often the mechanism
of this cost of reproduction is difficult to assess. This study on the high-Arctic barnacle goose
Branta leucopsis aimed to test if any survival costs were associated with the timing of reproduc-
tion or with the timing of other functions later in the year, which could be due to incompatible
time schedules. Survival rates of adults were related to breeding status, timing of breeding and
reproductive effort (including brood size) from resightings of 179 marked individuals, followed
over a four-year period both in the breeding area and in winter. In females, non-breeders survived
better than failed breeders, which tended to have a higher survival than successful breeders
(0.95±SE 0.029, 0.86±0.032, 0.82±0.041, respectively). In males annual survival did not differ
significantly by breeding status (0.94±0.033, 0.82±0.038, 0.92±0.025). Survival in summer
through autumn migration was negatively correlated with the timing of breeding. Most variance
in survival was explained by the date of nest departure (i.e. date of hatch and of nest desertion
for successful and failed breeders respectively) suggesting that environmental conditions after
incubation determined the probability of survival. The seasonal decline of food quality (protein
content) documented in the study area provides a potential mechanism accounting for lower sur-
vival of late breeders when taken in conjunction with the limited time available for pre-migratory
deposition of body stores. Larger broods had a more negative effect on survival of female parents
than was the case in males, and may be caused by sex-related risks of predation by Arctic foxes.
This study supports a strong selection against late breeding, as documented by previous studies.
Strikingly, this study suggests that there is a selection in favour of early abandoning the nest, in
case individual body stores are mismatched to local foraging opportunities. This may be a general
strategy for long-lived species that face a large annual variation in conditions to hatch the eggs
successfully.
SubmittedIntroduction
One of the central issues of life history theory is concerned with the ‘costs of repro-
duction’(Stearns 1992). Costs are predicted to arise because of a trade-off between cur-
rent and future reproduction, and may include a reduction in future fecundity or in the
probability of survival to the next breeding attempt (Williams 1966). Costs may have
several sources, most notably those arising from competitive allocation of resources
(‘physiological costs’, Reznick 1992). For example, a cost is involved when an animal
invests in a large brood at the expense of its own survival (Nur 1988, Daan et al. 1990).
Similarly, reproduction and moult are among the time and energy consuming events in
the annual cycle of birds (Farner et al. 1980), and therefore fitness costs associated with
the timing of breeding arise when the length of the season is short (Orell and Ojanen
1980, Siikamaki et al. 1994). Thus, Dhondt (1981) postulated that a decrease in survi-
val rate with breeding date observed in great tits was a consequence of late-breeding
birds failing to complete the moult. A negative relationship of survival with breeding
date has also been observed in several other studies (Nur 1984, Verhulst et al. 1995,
Nilsson and Svensson 1996, Wiggins et al. 1998, in contrast to Brown and Brown
1999), but the exact mechanism of this relationship remains obscure. This is largely due
to difficulties in following the birds’performance after fledging, when most of the mor-
tality occurs (Newton 1998).
We  studied survival rates in a barnacle goose Branta leucopsis population that
breeds in high-arctic environments (Spitsbergen), and we aimed to identify survival
costs associated with breeding. The restricted distribution during the different phases in
the annual cycle (Owen 1980a) makes intensive reading of individual leg rings possible
for much of the year, which allows to obtain estimates for survival for seasonal periods
(Owen 1982). For four successive years we recorded the breeding performance of birds
in a large breeding colony, which enabled us to compare survival rates of birds of dif-
ferent breeding status (non-breeders, failed and successful breeders). Moreover, we
determined the dates of onset of egg-laying and when birds started to moult relative to
dates of nest loss (failed birds) or hatch (successful birds). We tested if differences in
survival rates associated with breeding status were related to the timing of breeding or
to the timing of moult. Given the large impact of food quality on body reserves dyna-
mics in herbivores like geese (Robbins 1993), we measured crude protein content of the
food throughout summer to interpret the implications of timing of breeding and moult
on survival probabilities. As brood size and timing of breeding are confounded life his-
tory traits (Wiggins et al. 1998), we checked for effects of brood size on survival.
Methods
Study population
The study population of barnacle geese breeds in Spitsbergen, which requires a 3000
km migration to and from the wintering area in the Solway Firth area, UK (Fig. 1). In
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readable at a large distance (Owen 1982). Ring resightings formed the basis for the sur-
vival estimates. The 179 individuals followed during this study had been ringed in the
summer preceding the study period or in earlier years in the wintering area. We collec-
ted data during two stages of the annual cycle: in a colony of approximately 150 pairs
at the west coast of Spitsbergen (Diabasøya; 77º50'N 13º45'E; Prop and De Vries 1993)
in 1978 through 1981, and in the Caerlaverock Nature Reserve, Scotland (54º58'N
3º30'W, Owen et al. 1987), in 1978 through 1982. The resighting rate was so high that
further corrections from sightings in later years are not relevant (see below). During
each season we obtained a large number of resightings for most of the marked indivi-
duals if still alive. The high intensity of reading was due to the large site loyalty to the
breeding colony, a feature of geese in general (Ganter and Cooke 1998, O’Briain et al.
1998), and the restricted wintering range, with almost the whole population visiting the
study location. Both in summer and winter we used tall observation towers that provi-
ded perfect view on the geese. 
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Fig. 1. Map of the spring migration route of the study population. Indicated is the study area in Spits-
bergen and the centre of the wintering area at the Solway (UK), the staging area in Helgeland (Norway),
and Spitsbergen (breeding area). The autumn route is in the opposite direction with no or only a brief
stop along the Norwegian coast, but instead with a stay on Bear Island (Owen and Gullestad 1984).The study area in Spitsbergen is a strandflat composed of Polar semi-deserts and
High Arctic landscapes (Bliss 1981), consisting of quaternary marine deposits with rai-
sed marine terraces and beach ridges and slightly elevated Precambrian formations (up
to 40 m above sea level), covered by a ‘fjellmark’ vegetation (Elveback 1985). The
geese nest mainly in three larger colonies, from where they disperse to shallow lakes for
brood-rearing and moulting (Prop et al. 1984). Non-breeders and failed-breeders use the
same lakes to moult but being earlier than successful geese, they are in some years more
restricted in choice due to ice cover. Main food plants around the lakes are graminoids
(Dupontia pelligera, Poa arctica and Festuca rubra.). As soon as the geese regain the
power of flight they leave the moulting lakes, and they have 3-6 weeks left to prepare
for the autumn migration. During this time they mainly use the fjellmark to feed on a
large variety of plants, including Equisetum variegatum,f ruits of Saxifraga spp., and
bulbills of Polygonum viviparum. From the end of August onwards the geese move to
lush river valleys inland, and in particular after the first snow they use slopes beneath
seabird cliffs feeding on grasses (Alopecurus borealis, Poa arctica). Goose migration to
the south occurred from mid September onwards, usually following heavy snowfall and
low temperatures (Prop et al. 1984). Most of the birds seem to pass through Bear Island
on their way to the wintering grounds (Owen and Gullestad 1984). 
Reproduction
To  establish which pairs initiated breeding we recorded the behaviour of the birds
during the process of occupying a territory and clutch completion. We called a pair to
have initiated breeding when occupying the same nest location for at least two days.
When hatching at least one egg, pairs were called successful, as opposed to failed bree-
ders that lost the clutch before hatching the eggs. Dates of hatching the eggs, or of aban-
doning the nest (collectively called dates of departure) were recorded for all ringed
pairs. Successful birds required 30 days for egg laying and incubation (Prop and De
Vries 1993), which means that dates of nest initiation and hatch were closely correla-
ted. In contrast, failed birds showed a wide range between the dates of nest initiation
and abandoning the clutch (see Results). By definition, non-breeders did not occupy a
territory, but occasionally they produced eggs (stray eggs or dumped in the nest of an
other goose pair). By continuously observing the breeding colony brood sizes were
determined at the time of hatch. Thereafter, intensive observations of the marked pairs
and their goslings on the brood raising grounds enabled us to keep track of brood sizes
through time. Glaucous gulls Larus hyperboreus and Arctic foxes Alopex lagopus pre-
dated on the goslings, and as an average brood size we took the number of young at 1
August, which coincided with the begin of moult of the primaries (hereafter called
moult) by the parents. Broods of zero included pairs that had lost all their young before
the moult and failed breeders.
Moult
To establish when geese moulted in relation to the date of hatch we noted when marked
individuals with known breeding history lost the first wing feathers. Because males and
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moult were averaged per pair. Likewise, we kept track of the dates when birds regained
power of flight later in summer. Non-breeders, together with early failed breeders (see
Results), moulted on lakes where they aggregated a few days before the first birds actu-
ally started to moult. Progress of moult was determined by daily counts of the number
of moulting birds. In a similar way we determined the end of the moulting period.
Assessing which individuals were able to fly was facilitated by frequent disturbances
caused by Arctic foxes. For each year, median dates of begin and end of moult were cal-
culated.
Food samples
To determine the quality of food throughout summer, samples of food plants were col-
lected. The samples were dried at 60ºC and stored for later processing. Plants were collec-
ted whenever representative for the diet during successive stages in summer. Later in the
laboratory, samples were ground to pass a 1 mm sieve and analysed at total nitrogen
(Kjeldahl). To arrive at a standard measure of food quality crude protein (hereafter pro-
tein) was calculated as 6.25 times the nitrogen dry weight content (Robbins 1993).
Survival analysis
Survival rates were calculated on the basis of resightings of ringed birds from the first
observation in the breeding colony onwards. We eliminated the few individuals from the
data set that were known to nest in other nearby colonies (based on observations during
brood rearing) and that usually were only reported as non-breeder in the study colony.
Likewise, we restricted analyses to birds older than 3 years to avoid heterogeneity in the
data by potential age effects (Owen 1982,Van der Jeugd and Larsson 1998). When both
mates of a pair carried rings we selected, on a random basis, one of the two birds for
analyses to avoid pseudoreplication (Schmutz et al. 1995). We dealt with two focus
periods of observations: the incubation period in summer in Spitsbergen (early June-
mid July), and the autumn in the wintering area at the Solway Firth (October-early
December). This allowed to consider survival for two seasonal periods: summer to
autumn (hereafter ‘summer’), which included the brood rearing period and autumn
migration; and autumn to summer (hereafter ‘winter’), which included the wintering
season in Britain, the spring staging period in Norway and spring migration. Annual
values were calculated from one summer to the next. We analysed 179 individual
encounter histories, with effective sample sizes of 391 (on an annual basis, 3 intervals)
and 862 (by season, 7 intervals). 
We estimated survival rates by the Cormack-Jolly-Seber (CJS) procedure using the
program MARK (White and Burnham 1999). On the basis of the resighting histories
both survival rates (Φ) and resighting probabilities (p) were calculated. Survival rates
were related to the time of breeding and brood size. Because these covariates were scored
as missing values in the years that individuals did not breed, a straightforward CJS
approach was not possible. More elaborate models (multi-strata analysis, Nichols and
Kendall 1995) can cope with our sort of data and are to be preferred, but the restricted
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tween survival and breeding parameters by logistic regression. This regression does not
account for resighting probabilities, and therefore we adjusted resighting histories in
cases that individuals were not observed at the second occasion of an interval, but which
were known to be alive on the basis of observations in later seasons. This adjustment
does not cover individuals that were still alive at the second occasion without being ever
reported, but we think this introduced only a negligible bias in the estimates for the fol-
lowing reasons. Given the survival rates and resighting probabilities in this study (see
Results) survival rate based on logistic regression was underestimated by less than
0.002, and, most important, there is no reason to suspect any effect on trends reported.
The estimates of survival probabilities in this study likely represent true survival. This
is due to the strong site fidelity of the geese, and because we collected data both in the
summer and in the winter range thus avoiding the complication of local emigration. 
As a first step in the analysis, sets of candidate models were chosen on the basis of
the biology of the geese (Anderson and Burnham 1999), with the global model for each
set including all relevant parameters. First, we examined the effect of breeding status
(non-breeding, failed or successful breeder) on annual survival rates, while controlling
for sex and year. The status in each of the years was defined by two dummy covariates,
totalling to eight variables for four observation years. Resighting probabilities were tes-
ted for effects of year type and of breeding status. The two year types distinguished
were early and late snow melt years, as we knew that less geese started incubating in
late years (Prop and De Vries 1993), which we suspected to affect resighting rates. We
tested resighting rates for the breeding status in the preceding year as we expected that
the outcome of breeding affected the decision to return to the breeding colony the next
year. When modelling survival rates we assumed that effects of sex and status were con-
stant over time and therefore no interaction terms with year were included. To this end,
the four dummy variables indicating successful breeding in successive years were con-
strained to estimate only one parameter, and the four variables indicating failed bree-
ding were treated similarly. 
Subsequently, we compared survival rates between the two seasons (Ward et al.
1997). Resighting rates were tested for season-effects by distinguishing between the
first winter, when the effort to read rings was lower than in any other season, the two
late snow melt summers, and all other seasons. Also in this analysis we tested for the
effect of breeding status on resighting probabilities. Models of survival rates included
all two-way interaction terms (status×sex, status×season, sex×season) or more redu-
ced models.
As a following step in the analysis of seasonal survival rates we added parameters as-
sociated with timing of breeding (dates of nest initiation and nest departure) and with bree-
ding effort (brood size). The global model included year, sex and the breeding parameters
(status, brood size, date of nest initiation and date of nest departure). Status and brood
size were tested for differences between the sexes (status×sex and brood size×sex), and
no other interaction terms were included. All reduced models were compared, but inter-
action terms were only included in combination with the variables as main effect.
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Model selection followed Lebreton et al. (1992) and Anderson and Burnham (1999).
Goodness of fit tests (by program RELEASE in MARK) were performed for the global
models to test for equal resighting and surviving probabilities for all individuals in the sam-
ples. The global models appeared statistically acceptable for the data considered (P>0.5
in all cases), which means that further modelling was justified (Lebreton et al. 1992).
Model selection aimed to detect the most parsimonious model, i.e. the number of
parameters was reduced to have a model that still provided a good representation of the
data. All candidate models were ranked on the basis of the Akaike’s Information
Criterion (AICc) with a correction for sample size. AICc was calculated as -2ln(L)+
2NP+2NP×(NP+1)/(N-NP-1), where L is the model likelihood, -2ln(L) is the devian-
ce, NP is the number of parameters, and N is the effective sample size. The AICcWeight
provides a way to calibrate the models investigated against each other, all weights of the
candidate models summing up to 1. To test for effects of single parameters the ‘best’
model was tested with reduced ones using likelihood ratio tests (Lebreton et al. 1992).
Starting with the global model we first modelled resighting probabilities. Subsequently,
the resulting parameter set for the resighting probabilities was used in further modelling
survival rates (Lebreton et al. 1992).
Unless otherwise stated, data are reported as average values ± standard error of the
mean (SE).
Results
Timing of reproduction and moult
Nest initiation took place on average at 9.3±0.28 June, successful pairs being 2.9 days
earlier than failed pairs (F1,514=4.15, p<0.05 while controlling for year-effects). Hatch
dates averaged at 7.9±0.32 July. The date of nest departure for failed breeders was
almost 8 days earlier at 30.2±0.67 June. Individuals that initiated a nest late required
less time for egg-laying and hatching the clutch (Fig. 2), although the compensatory
effect was small (given the slope of the regression, the reduction in incubation time with
later dates of nest initiation was 10%). Similarly, the egg-laying and incubation period
of failed breeders declined with date of settling.
Non-breeders started to moult the primaries at on average 6 July (Fig. 3), with the
annual median values ranging from 3-10 July. They regained the power of flight 27 days
later, on average on 2 August. Successful birds showed a strong correlation between the
dates of moult and nest departure (y=19.5+0.87x, F1,15=52.8, p<0.0005), and they began
moulting on average 14.6 ±0.44 days after hatching the eggs (Fig. 4). As the slope of
the regression between the date of moult initiation and date of hatch did not deviate
from 1 (the 95% confidence interval was 0.62-1.13), we conclude that birds did not
compensate for late hatching. In contrast, failed birds compensated for a late nest depar-
ture by moulting earlier (the slope of the regression of dates of moult and of nest depar-
ture was 0.67 with a 95% confidence interval of 0.52-0.81). However, this relationship
Survival and timing of breeding
219was largely determined by birds that abandoned the nest early in the season. Failed birds
that abandoned the nest after 21 June (i.e. the date of start of moult for non-breeders, 6
July, minus 14.6 days) fitted the line generated by successful birds well (test for similar
slopes F1,22=0.31, non-significant), whereas earlier failed birds moulted simultaneously
with the early moulting non-breeders. We thus conclude that the timing of moult was
related to the date of nest departure, irrespective whether birds were successful or fail-
ed to hatch the clutch.
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Fig. 3. Protein content of food plants used by geese during the moult (solid circles: y=12.6+0.54x-
0.007x
2, F2,15=12.7, p=0.001), and after the moult at inland sites (open circles) and at seabird colo-
nies (triangles). The four-years average flightless period for successful birds and non-breeders is
given at the bottom. As indicated by the dashed line failed breeders may complete moult simulta-
neously with non-breeders or as late as successful birds. Start of migration is given by the arrow.
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Fig. 2. The duration of incubation (egg-laying inclusive) in relation to the date of nest initiation, for
failed and successful breeders separately (average ±SE). The slope of the regression is -0.106,
F1,435=5.70, p<0.025; the effect of breeding status is -10.88, F1,435=394.26, p<0.0005. The slopes of
the regressions are similar, F1,434=0.00, n.s.Successful birds were able to fly and left the brood rearing lakes 48 days after hat-
ching the eggs, which means that they stayed flightless for 48-14.6=33.4 days. This is
approximately 6 days longer than non-breeders required for the wing moult. However,
the shortest moult period observed for parents was 27 days, which suggests that some
families stayed longer at the brood rearing sites to synchronize departure with later hat-
ching families.
Food quality through time
Non-breeders and early-failed breeders started to moult when the quality of grasses was
close to a peak (23% protein dry weight, Fig. 3) and regained the power of flight when
protein levels started to drop (18% in early August). Similarly, hatching took place
during the time of peak protein levels, but because of the delayed moult successful birds
regained power of flight as late as when protein levels had dropped to a level of 10%.
Obviously, late-hatching individuals faced lower protein values throughout the moult,
on average, than early-hatching or non-breeding birds. After the moult, when the geese
were no longer bound to lakeshores and instead exploited the vast fjellmark, geese crop-
ped plants that contained a larger proportion of protein (Fig. 3), and also more soluble
carbohydrates (Prop and Vulink 1992), than the grasses at the moulting sites. Also the
grasses on the slopes of seabird cliffs, which the geese visited at the end of the summer,
were exceptionally nutritious with high protein concentrations.
Breeding status and survival rate
Resighting probabilities in Spitsbergen did not differ between early and late snow melt
years, nor could we detect an effect of breeding status in the previous year on the pro-
bability to resight an individual (model 4 in Table 1). In further modelling we assumed
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Fig. 4. Relationship between the timing of moult and the date of nest departure. The dashed line
assumes a constant interval of 14.6 days between nest departure and start of moult (see text). Pairs
losing the clutch after 22 June faced a progressive delay in moult compared to non-breeders (average
begin of moult indicated by the horizontal line).therefore a constant resighting probability p over years and among breeding status
(p=0.969±0.011). The annual survival rate was on average 0.872±0.014, and differed by
breeding status (χ
2=8.1, df=2, p<0.02). Non-breeding birds survived better than succes-
sful and failed breeders, which was true for both sexes as there was no support for an
additive sex effect (model 13 versus 8 in Table 1, χ
2=0.2, df=1, n.s.), nor for the inter-
action between status and sex (model 13 versus 7 in Table 1, χ
2=4.39, df=3, n.s.; see
Table 3 for estimates). 
When considering seasonal survival, resighting probabilities were invariably high
(on average 0.955±0.009) but differed among the three season classes distinguished
(model 1 versus 3 in Table 2, χ
2=48.64, df=2, p<0.0001): in the first winter p=0.864, in
late springs p=0.960 and in other seasons p=0.991. Moreover, the probability to identify
a bird depended on the breeding status (model 1 versus 2 in Table 2, χ
2=34.85, df=2,
p<0.0001), with probabilities highest for successful birds (0.993), lowest for non-bree-
ders (0.908), and intermediate for failed breeders (0.955). Seasonal survival rates
differed among breeding status (model 19 versus 21 in Table 2, χ
2=7.86, df=2, p<0.05;
see Table 3 for the estimates). Survival rates were similar in summer and winter (model
17 versus 19, χ
2=0.14, df=1, n.s.), which was irrespective of the status concerned
(models 14 and 17, χ
2=3.84, df=2, n.s.).
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Table 1. Models of annual survival Φ and resighting probability p. A Modelling p with a constant
model for Φ; B Modelling survival rate with an average p. Between brackets the parameterisation of
Φ and p. NP= number of parameters; year2= years classified by early and late snow melt;
status=breeding status. Best model is in bold.
Model AICc Delta AICc AICc weight NP
A
4 Φ (year+sex×status) p(.) 385.23 0.00 0.389 9
3 Φ (year+sex×status) p(year2) 386.40 1.17 0.217 10
1 Φ (year+sex×status) p(year2+status) 386.44 1.21 0.212 12
2 Φ (year+sex×status) p(status) 386.75 1.52 0.182 11
B
12 Φ (status) 380.35 0.00 0.419 4
8 Φ (sex×status) 382.15 1.80 0.170 7
7 Φ (sex+status) 382.20 1.85 0.166 5
9 Φ (year+status) 383.60 3.25 0.083 6
13 Φ (.) 384.38 4.03 0.056 2
4 Φ (year+sex×status) 385.23 4.88 0.037 9
5 Φ (year+sex+status) 385.46 5.10 0.033 7
10 Φ (sex) p(.) 386.17 5.81 0.023 3
11 Φ (year) p(.) 387.81 7.45 0.010 4
8 Φ (year+sex) 389.60 9.25 0.004 5Survival and timing of breeding
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Table 2. Models of seasonal survival Φ and resighting probability p. A Modelling p with a constant
model for Φ; B Modelling survival rate with constant p (season3+status). Between brackets the para-
meterisation of Φ and p. NP= number of parameters; season3= seasons classified into 3 groups; sta-
tus=breeding status. Best model is in bold.
Model AICc Delta AICc AICc weight NP
A
1 Φ (sex×status×season) p(season3+status) 729.77 0.00 1.000 15
2 Φ (sex×status×season) p(season3) 760.48 30.71 0.000 13
3 Φ (sex×status×season) p(status) 774.27 44.50 0.000 13
B
18 Φ (status) 725.96 0.00 0.227 8
11 Φ (sex×status) 727.04 1.08 0.133 11
14 Φ (sex+status) 727.93 1.98 0.085 9
16 Φ (season+status) 727.94 1.99 0.084 9
5 Φ (status×season+sex×status) 727.98 2.02 0.083 14
13 Φ (status×season) 728.20 2.24 0.074 11
6 Φ (status×season+sex×season) 728.63 2.67 0.060 13
7 Φ (season+sex×status) 729.06 3.10 0.048 12
20 Φ (.) 729.75 3.79 0.034 6
1 Φ (sex×status×season) 729.77 3.81 0.034 15
10 Φ (sex+season+status) 729.92 3.96 0.031 10
9 Φ (sex+season×status) 729.96 4.01 0.031 12
4 Φ (sex×season+sex×status) 730.39 4.43 0.025 13
8 Φ (status+sex×season) 731.06 5.10 0.018 11
19 Φ (season) 731.64 5.69 0.013 7
17 Φ (sex) 731.70 5.75 0.013 7
15 Φ (season+sex) 733.60 7.64 0.005 8
12 Φ (sex×season) 734.70 8.75 0.003 9
Table 3. Estimates of survival rates based on model 7 in Table 1 (annual rates), and model 12 in
Table 2 (seasonal rates). Given are the means values ±1SE.
Females non-breeding failed successful
summer 0.957 ±0.021 0.939 ±0.019 0.918 ±0.033
winter 0.987 ±0.022 0.935 ±0.028 0.881 ±0.030
annual 0.953 ±0.029 0.861 ±0.032 0.817 ±0.041
Males non-breeding failed successful
summer 0.963 ±0.024 0.920 ±0.031 0.960 ±0.020
winter 0.990 ±0.025 0.918 ±0.027 0.954 ±0.016
annual 0.940 ±0.033 0.824 ±0.038 0.922 ±0.025Timing of reproduction, brood size and survival rate
The most parsimonious model explaining seasonal variation in survival rates contained,
besides year and sex, three parameters associated with breeding parameters: brood size,
brood size×sex, and the timing of nest departure (model 2 in Table 4). The model inclu-
ding status (model 1) had a lower AICc but the status effect was not significant (models 1
versus 2, χ
2=2.51, df=1, n.s.). There was little support for any of the models containing
the date of nest initiation (like models 3 or 4). Subsequently we compared the parame-
ters of the best model between seasons (Table 5). The effect of brood size on survival was
similar in summer and winter (Table 5). The slope of the regression of survival on brood
size was more negative in females than in males (Table 5), but for each sex separately
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Table 4. Modelling seasonal survival rates by logistic regression, and testing effects of timing of
breeding and brood size. NP= number of parameters; status=breeding status; bs= brood size; depart=
date of nest departure; init=date of nest initiation. Best model is in bold.
Model AICc Delta AICc AICc weight NP
1 Φ (year+status+bs×sex+depart) 273.93 0.00 0.208 9
2 Φ (year+bs×sex+depart) 274.38 0.45 0.156 8
3 Φ (year+status+bs×sex+init+depart) 275.24 1.32 0.107 10
4 Φ (year+bs×sex+init+depart) 275.56 1.63 0.092 9
5 Φ (year+status×sex+bs×sex+depart) 275.98 2.06 0.074 10
6 Φ (year+status+bs×sex+init) 276.88 2.95 0.047 9
7 Φ (year+bs×sex+init) 277.26 3.33 0.039 8
8 Φ (year+status×sex+bs×sex+init+depart) 277.32 3.39 0.038 11
9 Φ (status+bs×sex+depart) 278.15 4.22 0.025 6
10 Φ (year+status×sex+bs+depart) 278.52 4.59 0.021 9
11 Φ (year+bs×sex) 278.59 4.67 0.020 7
12 Φ (year+status×sex+depart) 278.85 4.92 0.018 8
13 Φ (year+status×sex+bs×sex+init) 278.92 5.00 0.017 10
14 Φ (bs×sex+depart) 279.03 5.11 0.016 5
15 Φ (year+status×sex+bs+init+depart) 279.96 6.04 0.010 10
Table 5. Modelling seasonal survival rates by logistic regression, and testing effects of timing of
breeding and brood size between seasons. NP= number of parameters; status=breeding status; bs=
brood size; depart= date of nest departure; init=date of nest initiation; season=summer or winter.
Best model is in bold.
Model AICc Delta AICc AICc weight NP
1 Φ (year+bs×sex+depart×season) 265.08 0.00 0.984 10
2 Φ (year+bs×sex+depart) 274.38 9.30 0.009 8
3 Φ (year+bs×sex+depart+season) 276.63 11.55 0.003 9
4 Φ (year+bs×sex+depart+sex×season) 278.32 13.24 0.001 10
5 Φ (year+bs×sex+depart+bs×season) 278.50 13.42 0.001 10
6 Φ (year+bs×sex+depart+bs×sex×season) 278.67 13.59 0.001 10Survival and timing of breeding
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the regressions were not significantly different from zero (in females the slope was -
0.327±0.178, p=0.065; in males 0.387±0.285, p=0.175; Fig. 5). 
In contrast, the timing of nest departure affected survival rates differently in summer
and winter (Table 5). In summer, survival rates were negatively related to date of nest
departure (the slope of the regression was -0.156±0.046, p<0.0005), whereas the survi-
val in winter was not correlated with date of nest departure (the slope of the regression
did not differ from zero, 0.047±0.042, p=0.096) (Fig. 6).
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Fig. 5. Seasonal survival rates for males and females in relation to brood size. Given are the obser-
ved means and SE. None of the trends are significant (see text). The 0-class includes individuals that
lost the clutch (failed breeders) or that lost all their goslings before 1 August.
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Fig. 6. Seasonal survival rate (summer only) in relation to the date of nest departure for failed and
successful birds separately. Given are the observed means and SE. The curve is derived from model 1
in Table 5: y=11.67-0.156x (on a logit scale); χ
2=12.22, df=1, p<0.0005. For comparison, the fre-
quency distributions of the dates of hatch (successful individuals) and dates of abandoning the nest
(failed) are given (right y-axis).Chapter 13
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Discussion
This study provided support for a ‘cost of reproduction’in barnacle geese by a gradient
in survival rates: non-breeders survived better than breeding birds, and failed breeders
tended to have a higher survival rate than successful birds. We identified two life history
traits that were associated with this gradient. In the first place the probability to survi-
ve declined with progressive dates of nest departure, which was independent of whether
the clutch was successfully hatched or not. Thus, successful birds, which usually departed
the nest at later dates than failed breeders, faced a stronger time-disadvantage. Secondly,
females producing large broods tended to survive less well than birds with small broods
or without any offspring.
Survival and timing of breeding
The consequence of the timing of breeding on the survival rates of the offspring has gai-
ned wide interest in avian studies (e.g. Perrins 1970, Newton and Marquiss 1986). In
contrast, repercussions of the timing of breeding on parental survival have been studied
relatively little, and the few studies available showing both negative (Nur 1984,Wiggins
1991, Verhulst et al. 1995) and positive trends (Brown and Brown 1999). In the first
After geese departed from Spitsbergen, vegetation transects are sampled for a last time.place, a trend in quality of individuals may affect any trend in survival (Verhulst et al.
1995, Brinkhof and Cave 1997). We did not perform experiments to test if this was the
case in our study species, but we think it is unlikely that the trends in survival observed
were caused to any major extent by shifts in bird quality for the following reasons. If a
date-dependent survival was primarily due to shifts in bird quality, we would expect, in
line with studies on survival of offspring (Brinkhof et al. 1997), a negative relationship
with date of nest initiation. However, the observations were not consistent with this, as
survival was related to date of settling in successful birds, but not in failed breeders. If,
for some reason, the quality of failed individuals was not related to the date of settling,
but to the date of departure, we would expect a positive relationship between the date
of departure and survival (assuming that low-quality birds abandon the nest first), which
also was not supported by the observations.
Instead, survival rates in successful and failed birds fit the interpretation of a close
relationship with the dates of nest departure. We envisage a causal relationship between
survival and the timing of breeding, as dates of nest departure determined when the
birds started to moult (Fig. 4), which we suggest as a key factor to understand the pat-
terns in survival observed. Below we argue that a late moult negatively affected the pros-
pects to accumulate sufficient body stores required for a successful migration to the
wintering area (Owen and Black 1989b), or that a late moult made the geese more vul-
nerable to predation by Arctic foxes. First, the food available for moulting birds showed
a continuous decline in quality through summer (Fig. 3), as corresponding to an almost
universal pattern in plant phenology (McCown 1978). As a consequence, and in paral-
lel to late hatched goslings (Sedinger and Raveling 1984, Prop and De Vries 1993,
Lindholm et al. 1994), adult birds that moulted late faced, on average, a poor food sup-
ply. Although it has been argued that geese do not experience a nutritional bottleneck
during moult (Ankney 1984, Hohman et al. 1992, in contrast to Owen and Black 1989b,
Fox et al. 1998), the low-protein diet of late-moulting birds must mean a selective dis-
advantage. To achieve the same intake of energy and nutrients of early moulters, late-
moulting individuals must have spent more time foraging. Or, as an alternative possibi-
lity, the late moulters could have been as active as early moulters but then they would
experience a lower body condition at the end of the moult. The first strategy would
make them more vulnerable to predation by Arctic foxes during the moult (Prop and De
Vries 1993); the second would give them a disadvantage for pre-migratory deposition
of body stores. Another negative aspect of moulting late is that a low-protein diet may
cause a deficit of amino acids required for feather synthesis, which could impair the
quality and length of the new feathers (Pehrsson 1987).
Secondly, the pre-migratory period available was shorter with later completion of
the moult. Bids that regained the power of flight at 20 August for example had only 25
days available for pre-migratory deposition of body stores. This is a short period consi-
dering that during this time the daylight period decreased from 24 hours to slightly more
than 12 hours, and concurrently the time available for foraging decreased steeply. The
problem is exacerbated by an increasing incidence of snow cover. This means that a
later begin of the pre-migratory phase becomes increasingly difficult to compensate for. 
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cussions on the fate of individuals much later in the year (see also Daan et al. 1996).
Thus, the timing of initiating a nest determined the chance of an individual to reach the
wintering grounds during the next autumn. The reason is the rather fixed amount of time
required for each of the successive steps in the annual cycle, i.e. incubation, pre-moult,
and moult. An earlier start of breeding is constrained by snow conditions early in the
season when geese arrive in the breeding area (Prop and De Vries 1993), and probably
even earlier by the foraging conditions on the spring staging grounds when the geese
deposit pre-migratory body stores (Prop et al. 2003). Opportunities to compensate for a
late start in the reproductive cycle appeared to be restricted. Thus, the length of the egg-
laying and incubation period decreased only slightly with the date of nest initiation (in
line with Dalhaug et al. 1996). Nor did we find a compensation for a late nest departure
by an earlier onset of moult. However, individuals may escape from the rigid time sche-
dule by abandoning the nest. A late breeder may thus become an early moulter, without
offspring in the current year but with better prospects for another chance the following
years.
Survival and brood size
In contrast to altricial birds, in which reproductive costs (adult survival) are commonly
associated with brood size (e.g. Nur 1984, Reid 1987, but see Gustafsson and
Sutherland 1988), effects of brood size on parental performance in precocious birds are
less obvious. In this respect our finding that survival was correlated with brood size is
surprising, although we are not able to tell whether survival was positively related with
brood size in males, or negatively in females. In previous studies on geese, no effect of
brood size on parental survival was demonstrated (Williams et al. 1994 in lesser snow
geese Anser caerulescens, Lessels 1986 in Canada geese Branta canadensis,a n d   Loo-
nen et al. 1999 in barnacle geese), which we attribute to other mortality factors operating
(the first two populations are severely hunted) and to limited sample sizes (the latter
study). Large families are dominant over small families (Black and Owen 1989b), and
females, not males, with a large brood are in a better body condition than those raising
a small brood (Loonen et al. 1999). It seems unlikely therefore that the relatively lower
survival of females with large broods was due to a ‘physiological cost of reproduction’
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more susceptible to predation than females with few offspring or than males, but furt-
her study is required to solve this issue.
Reproductive decisions
Life history theory predicts a balance between current investment in offspring and future
reproduction (Stearns 1992). This implies that birds should not sacrifice their own sur-
vival to raise a brood, if they can raise more offspring in future, a point particularly rele-
vant for long-lived birds like geese. Our study shows that the worst scenario for barna-
cle geese is to lose the clutch at a late date, thus gaining no offspring and additionally
suffering the cost of a decreased probability of surviving. Indeed, as many as 35% of all
failed pairs abandoned the nest early enough to enable them to moult simultaneously
with non-breeders (before 22 June, Fig. 6), and the majority of the failed-breeders
(62%) stopped incubating before the peak hatch. Only 22% of all failures occurred after
10 July when the probability to survive started to drop severely. This means that most
pairs were ‘choosing’to abandon the clutch before they would suffer the repercussions
of a late nest departure. Comparing the survival rate associated with the average date of
hatch and the average date of nest desertion (Fig. 6) shows an average gain in survival
for the deserting individuals from 0.933 to 0.980 (=+0.047). 
There are many ways to minimize the costs of reproduction, for example by feeding
the offspring at a low rate (Hsu et al. 1999), or by a deferred age of breeding (Ens et al.
1995). Likewise, abandoning a clutch in time, when the prospects for successful hat-
ching become poor, can be regarded as a strategy to avoid a cost of reproduction. We
can only speculate about the mechanism of how a pair decides to abandon its nest, but
it must include interactions between body condition of the geese (Tombre and Erikstad
1996) and the foraging return. This study provided evidence that the survival costs asso-
ciated with late breeding arise due to a tight seasonal schedule. This obviously results
from the individuals in the population growing beyond a size that allows completing the
reproductive functions easily within the short arctic summer. A small body size is coun-
teracted by a strong selective advantage of being large (Choudhury et al. 1996), and
abandoning a clutch in time may be one of the mechanisms to combine a large body size
with minimal survival costs. 
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General discussion
This thesis is concerned with two general questions in life history theory. First, how can
we explain the annual schedule of migration in geese? This is done by exploring the
repercussions of seasonal constraints acting on the timing of migration and of egg-lay-
ing for the energy balance. The critical currency is that of individual fitness (survival
and reproduction) which is affected by decisions made at each step of the annual cycle.
Secondly, foraging success is generally considered to be a main determinant of fitness
in many bird species, but is this also true of herbivorous species that often occupy vast
landscapes in which vegetation is apparently superabundant?
Foraging success and competitive ability
Estimating food intake rates in wild-ranging herbivores is a challenge (Belovsky 1984)
and relatively few goose studies do so accurately (e.g. Ebbinge et al. 1975, Drent et al.
1978). Though intake rates are relatively easy to measure in a wide variety of animals
(Cassini and Foeger 1995, Urfi et al. 1996, Pulido and Diaz 2000, Josens 2002), the
combination of high peck rates and small bite sizes in geese, and the variable nature of
the food items they select, are obstacles to obtaining accurate measurements. This
explains why many intake rates have been determined predominantly for captive geese
(Hupp et al. 1996). Lack of knowledge of individual variation in intake rates precludes,
for example, understanding the behaviour of geese foraging in large flocks (Rowcliffe
et al. 2004). Data presented in this thesis is therefore unique because intake rates of food
were estimated in detail for individual geese. In each of the species studied (brent goose,
barnacle goose, red-breasted goose, Prop and Loonen 1989, Prop and Deerenberg 1991,
Prop et al. 2003, Prop and Quinn MS), variation in foraging success among individual
geese appeared considerable, and intake rates differed by up to 50%. The fitness conse-
quences of this variation will be discussed later.
Why individuals differ in foraging success is still largely unknown, but there are
several correlates with success. First, foraging success in flocks is often linked to rank in
the social hierarchy (Black and Owen 1989b) or with susceptibility to interference (Still-
man et al. 2000). Thus, apparently dominant geese have access to the richest patches of
food (Prop and Loonen 1989) and to food of highest quality (Prop and Deerenberg
1991). Dominance is usually regarded as an intrinsic feature of the individual (Black
1987) and in different situations individuals achieve a similar rank (Holmgren 1999), as
predicted by the theory of personality traits (Dingemanse et al. 2002). However, Prop
and Quinn (MS) suggested that individual red-breasted geese, which because of their
small clutch sizes were inferred to be subdominant during pre-breeding, became most
aggressive and monopolized the best foraging area during the incubation period. This
was explained by the suggestion that the aggressive subdominant birds were desperate
231to collect food and were forced to take longer incubation breaks, thus accepting addi-
tional risks. Dominant individuals could afford to avoid conflict and take shorter incu-
bation breaks, which meant they could also invest more in their clutch. This paradox is
similar to observations on aggression in wintering waders. Inexperienced juvenile oys-
tercatchers Haematopus ostralegus are poor at foraging and are very aggressive in an
attempt to improve their access to food resources (Goss-Custard et al. 1984). To some
extent, this aggression works initially but eventually the juveniles are displaced from the
best areas. In the same way aggression in brood rearing geese is positively correlated
with the number of goslings because larger broods need more space and food (Loonen
et al. 1997). Thus, aggression generally seems a way to modulate the intrinsic domi-
nance when food intake must be improved. Even though the proportion of interactions
won is probably a good indicator of apparent dominance (Teunissen et al. 1985), and
therefore of foraging success (Prop and Deerenberg 1991), it may not always be an
accurate measure because the most dominant individuals can be avoided by flock mates
and they consequently have a lower frequency of interactions (Black et al. 2004). The
posture of the male while foraging with its mate is possibly an honest signal of its figh-
ting ability. Characterising posture adopted by males while guarding their mates may
therefore be a better way of assessing apparent dominance. 
Other determinants of foraging success are age (Lang and Black 2001), which itself
may be confounded with social rank (Cote 2000), the shape of the bill (Durant et al.
2003), or the intrinsic foraging efficiency (Stillman et al. 2000). Rather than occupying
and defending the best foraging spots by aggression or threat (Stahl et al. 2001), Black
et al. (2004) suggested that individuals may adopt an alternative strategy based on
moving between good patches and avoiding collisions with other geese. Tracking good
patches can be achieved in two ways. First, by scanning the behaviour of flock mates,
birds are able to detect good foraging spots (Drent and Swierstra 1977, Giraldeau and
Caraco 2000), and birds move to an apparent attractive patch as soon as the earlier birds
in the flock leave (Black et al. 2004). Secondly, geese are often extremely site loyal and
tend to return to the same area which they visited in previous years (Hestbeck et al.
1991, Lindberg et al. 1997, Reed et al. 1998). This should help them to accumulate
knowledge on the distribution of good patches. The hypothesis of importance of local
knowledge and experience is supported by improving intake rates by individual geese
visiting the same feeding area over the years, which were also higher than in birds of
the same age that had acquired less prior experience (Black et al. 2004).
Migration and seasonality
The restricted distribution of spring staging sites hints at the critical importance of sui-
table feeding conditions for arctic-breeding geese. The main sites at the end of April and
in May, just before the geese enter the Arctic climate zone, are located within a narrow
belt across Europe (Fig. 1) in which the temperatures have just reached the lower thres-
hold of grass growth (3-6 ºC,Vine 1983, Chapman et al. 1983), the principal food at this
time of the year. This suggests that during spring migration all goose populations select
areas that are similar in the phenological stage of their food. The only apparent excep-
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than the other species. 
This raises the question why is the distribution of geese so closely linked to plant
phenology? Drent et al. (1978) suggested that geese during spring migration follow the
early flush of growth and by migrating northwards they are able to benefit from suc-
cessive peaks of digestibility (the concept of ‘the green wave’, Owen 1980a). This hypo-
thesis can equally well be extended to subsequent the period of breeding, and following
Lack’s (1968) hypothesis, geese are thought to time breeding to ensure that goslings
develop when food is most abundant and nutritious (Owen 1980a). 
The forager in the context of the annual cycle
To introduce the problem of how geese tune energy-demanding events to their feeding
conditions, the annual cycle of the productive energy in the barnacle goose Branta 
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Fig. 1. The distribution of goose species across Europe during spring migration (end of April-May) in
relation to spring phenology. Average temperature data for April are based on 405 weather stations in
northern Europe (Müller 1980). The symbols represent the geographical centres of distribution of
high-arctic populations based on Madsen et al. (1999): 1=white-fronted goose, 2=tundra bean goose,
3=pink-footed goose, 4=barnacle goose, 5=dark-bellied goose, 6=light-bellied goose, 7=red-breasted
goose.leucopsis is depicted in Fig. 2. The productive energy is the daily amount of energy
metabolized above maintenance levels, and represents the amount of energy that can be
invested in body growth, body stores, or in reproduction. The data concern the popula-
tion that winters around the Solway Firth in the UK, stages in spring in northern Norway
and breeds on Spitsbergen in the high arctic. Since foraging in this species is virtually
restricted to daylight hours, the first variable of interest is the period of daylight expe-
rienced through the year (panel A). Of particular importance, as we will see, is the pos-
sibility of unrestricted feeding in the Arctic light regime. The quality of the food on
offer (protein content, panel B) is relatively high through much of the year. The eleva-
ted protein values in the wintering area reflect the management practices on the reserve
where most of the population winters. The trend in biomass (panel C) demonstrates
commencement of spring growth from March in the UK, rapid growth from early May
in Norway, and from the end of June on the Arctic breeding grounds. 
Following the methods outlined in Prop and Black (1998), productive energy has
been derived (panel D) and is shown here for the adult female. During midwinter there
may be a period of negative energy balance (Owen et al. 1992) but with the advancing
spring growth progressively greater amounts of productive energy are accumulated
before the migration to Norway (1500 kilometres). The staging sites near the Arctic
Circle provide the highest daily gains of the entire annual cycle, and with these stores
the geese proceed to Spitsbergen (a further 1500 kilometres). Although a considerable
proportion of time is spent feeding (Prop and De Vries 1993) upon arrival, the quality
of the food is poor (Prop and Vulink 1992) and we assume that nutrients rather than
energy are targeted at this time. Laying and incubation follow, a period of near starva-
tion for the breeding female (Prop et al. 1984). Growth of new and highly nutritious
vegetation at brood rearing sites begins only when eggs hatch allowing breeding birds
to recuperate body condition and goslings to grow. The parents undergo moult at this
time and regain flight approximately when the goslings take wing (ca. 20 August). Now
that the geese are again mobile they visit the vast, almost unexploited tundra, the lush
vegetation on the slopes under the seabird cliffs and hence a fourth peak of productive
energy results, fuelling the autumn migration. Once back in the UK, the vegetation
allows a further 30-day period of positive balance before the onset of winter.
In order to systematically explore the constraints operating on energy budget
through the year, we will consider first how productive energy relates to the metaboli-
zable content of the food and intake rate achieved, subject to the limits of digestive ca-
pacity. Next, the seasonal variation in both biomass and quality of food on offer will be
treated. Equipped with this quantified background we can return to the main question:
What are the fitness consequences associated with the timing of migration and egg-
laying in migratory geese and how is this determined by energetics? Finally, the
question of individual strategies within this framework will be discussed.
To understand the extent to which geese tune energy-demanding events to feeding
conditions, three major parameters are needed: A) the amount and quality of food that
must be ingested to meet the energy demand; B) how these requirements are met by the
available food in the environment; and C) the seasonal variation in food abundance and
food quality. Each of these topics are discussed below.
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Fig. 2. Annual variation in productive energy PE generated by the Spitsbergen population of barna-
cle geese (PE=the total amount of energy metabolized minus the amount required for maintenance,
panel D). The successive periods in the annual cycle are indicated at the bottom. The three pre-
migratory periods (in the UK, along the Norwegian coast, and in Spitsbergen) have been shaded.
Geese are in negative energy balance during incubation and in mid-winter. PE is associated with
(panel A) daylength, and hence time available for foraging (grey lines), (panel B) quality of the food
(% of protein), and (panel C) food abundance (biomass available of main food plants). PE's were
calculated for 10-d periods, and are based on faecal output per day combined with digestibility of
food (detailed in Prop and Black 1998). Data are based on Prop et al. 1980, Prop et al. 1984, Owen
et al. 1992, Prop and Black 1998, Cope 2003.A) Productive energy in relation to ME and IR
Three key parameters determine the rate of metabolizable energy intake by herbivores:
the concentration of metabolizable energy in the food (ME, kJ g
-1), the ingestion rate of
food (IR,g   min
-1 foraging), and the digestive capacity (DigCap,g   min
-1). The digestive
capacity is the maximal amount of food that can be processed by the digestive tract per
unit time. When food intake is constrained by the digestive capacity, this is referred to
as a digestive bottleneck (Kenward and Sibly 1977). The importance of a digestive bottle-
neck in animal nutrition has been realised for a long time (Adolph 1947) but the rele-
vance for goose foraging dawned much later (Drent and Swierstra 1977, Prop et al.
1980, Sedinger and Raveling 1988). If food is ingested at rates exceeding the digestive
capacity, geese temporarily store food in the oesophagus, which when filled allows
them take a foraging break (Prop and Vulink 1992). In geese, the digestive capacity
varies through the annual cycle concurrently with variation in the rate of passage of food
through the alimentary tract, the so-called throughput rate. During the short winter days
(8 h daylight) the throughput rate is high, and as a consequence, the digestive capacity
is large but the digestibility achieved is low. Conversely, during summer the digestive
capacity is smaller as a result of a low throughput rate, conferring an enhanced digesti-
bility (Prop and Vulink 1992).
The combinations of ME and IR that allow sufficient daily energy intake for con-
stant body mass (DMEbalance) are illustrated by isolines in Fig. 3. The major constraints
acting on the energy intake are, in addition to the steady state digestive capacity, i.e.
after the storage organs have reached maximal fill, the length of time available for fora-
ging (usually closely related to the length of daylight, e.g. Prop and Deerenberg 1991,
Cope 2003). The isolines thus represent the inverse relationship between IR and ME,
given by the equation MEiso = DMEbalance (IR×FT), where FT is the foraging time (min
per day). When food is taken at rates exceeding the digestive capacity DigCap the iso-
lines are represented by MEiso = DMEbalance (DigCap×FT), which takes into account that
the IR averaged over the period of daylight can not exceed the digestive capacity. IR’s
below the digestive capacity may represent a form of environmentally imposed con-
straint. One of the isolines in Fig. 3 illustrates the situation for the winter. Given the
digestive capacity and the time available for foraging at this time of the year, it follows
that the ME of the food ingested has to contain at least 5.0 kJ g
-1 to obtain the energy
required to maintain body mass. All combinations of ME and IR on the isoline meet the
requirement for energy balance. Combinations above the isoline allow energy to be
accumulated as productive energy, as indicated by their distance to the isoline. 
Similarly, the thresholds for food quality can be calculated for other periods of the
year when the daylight available for foraging is longer. The benefit of longer daylight is
translated into slower throughput rates; the three-fold increase in the length of daylight
from mid-winter to mid-summer is accompanied by a reduction in digestive capacity by
a factor of approximately two (Prop and Vulink 1992). Consequently, in summer geese
can afford to ingest food that is of lower quality than in winter, and the longer time avai-
lable for foraging enables them to achieve a higher productive energy. 
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Fig. 3 by the shaded rectangle, based on data from several goose species (standardized
by taking ‘metabolic mass’as datum). The range in IR is large (from 0.05 - 0.25 g min
-1
kg
-0.75) and, during the summer and spring, some of the food items selected are ingested
at even higher rates, well surpassing digestive capacity. Variation in ME in the food
appears much more restricted, and apparently geese select food that allows them to
achieve an ME between 6 and 10 kJ g
-1 (mosses are the only exception with an ME of
less than 4 kJ g
-1).
B) Translating proximate measures of food available into ME and IR
There are several proximate measures of food composition that correlate with ME. ADF
is the fraction of plant cells that is most resistant to digestion, and therefore it almost
perfectly predicts the availability of nutrients for assimilation (Van Soest 1982). Its con-
centration is therefore theoretically a superior predictor of ME. However, difficulties in
standardizing the analysis (Gauthier et al. 1991) and the relatively high costs have made
ADF less popular in nutrition studies. Nitrogen (or crude protein) is a good measure for
ME (Prop and Vulink 1992), though less accurate than ADF (Prop et al. 2004), proba-
bly because nitrogen represents a diverse group of nutrients, and some of it may be
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Fig. 3. The relationship between metabolizable energy (ME) contained in food and the ingestion rate
(IR) required to meet energy balance. Energy requirement and food ingestion rates are on the basis
of metabolic body mass. At a given ingestion rate, the longer daylength in summer allows a lower
ME than in winter. The digestive capacity constrains the ingestion rate of food, and sets a lower
limit to the quality of the food ingested (indicated by the horizontal dashed lines, see text). The 
shaded square covers combinations of IR and ME most often observed in the species studied.
Exceptions are mosses ingested in summer, which have an ME of less than 4kJ g
-1, and herbs, which
usually allow higher IR's than indicated.associated with inorganic compounds or with free amino acids (Robbins 1993). Nitro-
gen is the most commonly assessed fraction of plant food in herbivore studies and there-
fore it is used in this chapter as a measure of food quality. 
Translating food abundance into terms of IR requires an understanding of the fora-
ger’s ability to harvest food (the functional response, Holling 1959). Few functional
response studies have been undertaken for grazing waterfowl. These include the response
of barnacle geese to grass leaf abundance (Van der Wal et al. 1998, Lang and Black 2001,
Durant et al. 2003), and of brent geese to the biomass of herbs, algae and grasses (Prop
and Loonen 1989, Rowcliffe et al. 1999, Hassall et al. 2001). Although the relationships
were adequate for use within the respective studies, the predictive power for other situ-
ations is poor due to the complex way in which food intake rate by herbivores depends
on the structure of the available food. More observational and experimental work is nee-
ded to understand the relationship between food intake rate and food abundance. Recent
work done on barnacle geese feeding on Festuca has been undertaken to improve our
understanding of the functional response in a goose species (Black et al. 2004).
C) Seasonal variation in food abundance and food quality
During spring staging in Norway, barnacle geese depend mainly on the grass Festuca
rubra. Because the ME in relation to protein content has been established (Prop and
Vulink 1992), and the functional response is known (Black et al. 2004), protein con-
centrations and biomass data can be interpreted in terms of productive energy. In each
of the study years the seasonal pattern in protein content in Festuca and in biomass avai-
lable shows a similar pattern with two distinct phases (Fig. 4). In any one year the first
phase is from arrival onwards when the food abundance is low, and hence the producti-
ve energy is also low (see also Fig. 2D). Subsequently, productive energy rapidly builds
to peak values halfway during the staging period, with protein values of the food remai-
ning high and with increasing food availabilities. During the second phase both food
quality and food abundance decline, causing a rapid decrease in productive energy.
When plotting food quality against food abundance during brood rearing in barna-
cle geese (Fig. 5), a picture emerges which is similar to that of the pre-migration period.
The diagram suggests that the convex pattern in productive energy (Fig. 2) is the out-
come of two opposing tendencies. Initially the rapid increase in food available outweighs
any decrease in food quality, followed by a phase of decrease in both food abundance
on account of depletion and in food quality. In contrast to the pre-migration period, the
peak in productive energy is relatively early, and is already at its maximum on day 12
of the 42 d brood rearing period.
The pattern observed in barnacle geese seems representative for geese in general.
The dark-bellied brent goose, exploiting Puccinellia during spring staging in the Wadden
Sea, experiences a pattern in feeding conditions which is similar to that of barnacle
geese (Fig. 6). The difference observed between years is related to weather conditions
and, in cold and dry years when the food production is low, the deposition rates of body
stores is lower relative to warmer springs (Fig. 12 in Prop and Deerenberg 1991). During
brood rearing of greater snow goose Anser caerulescens atlanticus,f eeding conditions
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the years the trends were opposite with an increase in food quality and abundance for
much of the season. 
Seasonal changes in food shape the annual cycle
By moving progressively North in spring, barnacle geese encounter a spring flush of
growth three times, each corresponding to an important phase in the annual cycle. The
decline in food quality following the spring flush is an almost universal trend in ageing
plants (Gill et al. 1989). The decline in food abundance in the systems we studied was
mainly caused by a reduction in the standing crop due to goose grazing (i.e., depletion).
It thus seems that the period available to generate productive energy (Fig. 2) is con-
strained early in spring by the low abundance of food and at the end by a drop in food
quality in combination with depletion. As a consequence, the high requirements of the
geese can only be met during a sharply demarcated period of the year, and only by
moving between disparate geographical regions at set times. 
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Fig. 4. Seasonal changes in food resources faced by barnacle geese during spring staging in Norway,
as given by the relationship between food quality (% protein) and food abundance in Festuca rubra
for successive 4d-periods. Observations are shown for 4 different years (1990 and 1991 on left
panel, 1992 and 1993 on right); the first observations in a season are indicated by a triangle. The
solid line gives the combinations of food quality and abundance when geese are in energy balance.
As an example, the dotted line indicates when the geese ingest surplus food and productive energy
yields 200 kJ d
-1. The inferred productive energy was lowest in years when fat deposition rates 
appeared lowest (1991 and 1992, given in the boxes as the daily changes in the abdomen profile
index API; Prop et al. 2003). Energy balance was calculated using the following parameters and
equations: energy need to maintain body mass= 1000 kJ d
-1 (Drent et al. 1978); intake rate
=0.074+0.0041×(food available) in g min
-1 (Black et al. 2004); foraging time= on average 930 
min d
-1 (Prop and Black 1998); protein content=-15.04+ME×5 in % of the food (Prop and Vulink
1992 and Prop et al. 2004). Food available is based on estimates of shoot density, number of green
leaves per shoot and the mass per leaf. Chapter 14
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Fig. 5. Relationship between food quality (% protein) and food abundance in Dupontia fisheri and
Festuca rubra (combined) for successive 5d-periods during brood rearing by barnacle geese in
Spitsbergen. Average dates of hatch and fledging are indicated. The solid line gives the combinations
of food quality and abundance when geese are in energy balance. A larger net food intake allows the
geese a positive productive energy, as exemplified by the isoline of +200 kJ d
-1. Calculations follo-
wing Fig. 4.
Fig. 6. Relationship between food quality (% protein) and food abundance in Puccinellia maritima
for successive 5d-periods during pre-migration staging in brent geese in the Wadden Sea.
Conventions and calculations following Fig. 4. Boxed values give the daily gain of body mass for
each of the years based on samples of birds caught (Ebbinge 1989). The drop in food quality seems an inevitable event. However, the period of exploi-
ting high quality foods can be extended by active management in several ways. In the
wintering area, applying fertilizer on the fields used by geese extends the period of high
protein concentration in the food dramatically (Van Eerden et al. 1996). Similarly, geese
can benefit naturally by exploiting gradients in growth stage in different food plants.
This is of particular importance to goose species that are late relative to the phenologi-
cal stage of the vegetation. Brent geese that have an extended period of staging (Fig. 1),
for example, use successive plants in an altitudinal gradient on the salt marsh (Festuca,
Puccinellia, Triglochin,P rop and Deerenberg 1991). Similarly, red-breasted geese
Branta ruficollis are known to start egg-laying almost a week later than expected on the
basis of their breeding latitude (Owen 1980a, Quinn 2000). The apparent delay is
thought to synchronize breeding with that of the nest defence behaviour of their raptor
hosts, such as peregrine falcons Falco peregrinus (Quinn 2000). To nest successfully,
this small goose species relies on these raptors for protection from arctic foxes and
avian predators (Quinn et al. 2003). The red-breasted goose is almost entirely riparian
during the breeding season and avoids the negative consequences of late breeding by
exploiting an extended period of spring flush: the water levels in the rivers where they
breed drop slowly but continuously, and this guarantees that new zones of vegetation
(mainly Equisetum spp.) become available through much of the summer. 
At all times of the year geese may have opportunities to shift from one food source
to another to overcome the problem of declining food stocks (Prop et al. 1984,
Therkildsen and Madsen 2000). In general, as is the case for most animals (e.g. Zwarts
et al. 1996), they are extremely flexible in exploiting whatever resources are available.
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Fig. 7. Relationship between food quality (% protein) and food abundance in tundra plants for suc-
cessive 10d-periods during brood rearing in greater snow geese in Bylot Island, Nunavut Territory,
Canada (Lepage et al. 1998). Symbols represent different years of study, and the larger triangles are
the first measurements per season. The heavy grey line is the average of the four study years.Chapter 14
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Dense flocks of red-breasted geese heavily graze their food resources (Equisetum, below).General discussion
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Similarly, they seem to respond to temporal changes in vegetation growth associated
with changes in climate on spring staging areas (Prop et al. 1998) by adapting their own
distribution pattern. This is not an option open to geese everywhere, however, since sui-
table habitats are often restricted in distribution. This constraint is shown dramatically
by the pink-footed goose Anser brachyrhynchus,a   species that had to abandon the ori-
ginal spring staging area in northern Norway due to excessive human disturbance, and
reverted to a staging site over 500 km to the south (Madsen 2001).
Optimal timing of breeding
Following Lack’s (1968) argument, Owen (1980a) predicted that goslings hatch when
food is most nutritious and abundant on the arctic tundra. The analyses presented above
support this hypothesis. It is not the case, however, that hatch dates are timed to provide
goslings with the best food over the whole fledging period, because their food require-
ments are greatest at 11-25 days old (Lepage et al. 1998). Average hatch dates are later
than expected on the basis of feeding conditions during brood rearing alone. Indeed,
there is ample evidence that late hatching incurs a fitness cost to both parents and
offspring (Cooch et al. 1993, Gauthier et al. 1995, Person et al. 1998, Sedinger et al.
2001, Sedinger and Raveling 1986, Larsson and Forslund 1991, Manseau and Gauthier
1993, Lindholm et al. 1994, Gadallah and Jefferies 1995, Lepage et al. 1998, Prop et al.
MS), which is causally related to foraging conditions (Lepage et al. 1999). Gosling
growth rates are generally negatively correlated to hatch date (Sedinger and Flint 1991,
Cooch et al. 1991, Loonen and Van Duijn 1997, Lindholm et al. 1994, Lepage et al.
1998), like the survival of goslings (Prop and De Vries 1993, Williams et al. 1993,
Lepage et al. 1999) and of adults are (Prop et al. MS).
In barnacle geese the number of young seen with adults in autumn is strongly nega-
tively related to the timing of breeding (Fig. 8). The relationship is almost entirely deter-
mined by gosling survival as the number of eggs hatched does not vary with lay dates,
though the clutch size probably does (Alisauskas and Ankney 1992). Assuming parent
quality does not affect any of the trends reported (Lepage et al. 1999), fitness benefits
derived from early breeding are offset by low nest success, at least for the very earliest
individuals, causing a relatively low fitness overall (Prop and De Vries 1993). Appa-
rently nest initiation is a trade off between opposing benefits for the clutch and goslings
(Prop and DeVries 1993). On balance, however, evidence suggests there is strong selec-
tion for breeding early, yet average breeding dates are relatively late. This seemingly
counter-intuitive pattern is also found in other goose species (LePage et al. 2000) and
in other avian taxa (Daan et al. 1990). The following four ideas have been proposed to
explain why many individuals breed at dates, which at first glance appear suboptimal.
• The individual optimization hypothesis (Drent and Daan 1980) predicts that high-
quality individuals, producing most offspring, breed first. Low quality individuals
accumulate body stores at relatively low rates, and perform best by breeding late
when energetic demands on the adult are less severe. There is strong support for this
hypothesis (Daan et al. 1990, Rowe et al. 1994).Chapter 14
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• There may be a fitness cost associated with early breeding. In some years early arri-
val on the breeding grounds may have repercussions for an adult’s future survival. In
one extremely late spring, barnacle geese on Spitsbergen spent on average 30 days on
the breeding grounds before egg-laying started, and it seems plausible that in such
years survival probabilities for those individuals aiming to breed early were depres-
sed, though this could not be measured.
Fig. 8. Measures of reproductive success in relation to the date of settling (=onset of egg-laying) in
the Spitsbergen population of barnacle geese (recalculated from Prop and De Vries 1993). Given is
the probability of hatching at least one egg (panel A), the number of offspring surviving the autumn
migration per successful female (panel B), and the number of offspring per female initiating a nest
(panel C). Data are for early (n=251) and late (n=258) snow-melt years. In early years, reproductive
success rapidly drops with date of settling. In late years success is low without any seasonal trend. General discussion
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• Egg-laying dates may be constrained by limited availability of resources on the bree-
ding grounds (Perrins 1970, Gauthier et al. 2003). This is supported by the large
variation among individuals in time spent on the breeding grounds before they are
able to produce a clutch (Prop et al. 2003). Another constraint suggested is the availa-
bility of nest sites (Sedinger and Raveling 1988, Findlay and Cooke 1982). Although
this may play a role in species breeding in habitats covered by spring melt floods, it
is unlikely that this explains late breeding in barnacle geese specifically, or in geese
generally, because nests are often on wind-swept places not covered by water or snow. 
• Egg-laying date might be constrained by limited resources encountered en route to the
breeding grounds (Sandberg and Moore 1996a). That geese are not able to deposit
sufficient body stores is supported by the finding that greater snow geese start bree-
ding later in years when pre-migratory foraging conditions are adverse, and hence
when less body stores are deposited (Bêty et al. 2003). This is especially likely to hap-
pen if the time window available for depositing pre-migratory body stores is late rela-
tive to conditions on the breeding grounds. Ideally, deciding when to migrate should
be finely tuned to optimal breeding dates. 
Individual strategies within the annual cycle 
Individual performance during any given stage of the annual cycle is dependent on per-
formance during other stages (Piersma and Baker 2000, Fox 2003). Goose populations
seem constrained by food through much of the annual cycle (above), which must exa-
cerbate attempts to compensate for poor performance earlier in the season. Moreover,
the fixed length of successive stages of the breeding cycle force geese to have a rigid
schedule from egg-laying onwards, i.e. it takes 72 d from egg laying to fledging in most
arctic-breeding geese and this is relatively inflexible (Owen 1980a). This means that
individuals have little scope to compensate for low performance earlier in the season, or
to 'correct' for poor timing. To test this idea, we can examine whether individuals are
consistently early or late in each stage of the annual cycle. When comparing the timing of
successive events in the annual cycle of barnacle geese (Fig. 9) usually there appears to
be a close correlation, supporting the prediction. The correlation between the timing of
departure from the UK and departure from Norway is poor, however, which indicates,
for example, that many individuals depart late from the UK but early from Norway, and
vice versa. To gain insight into the window of opportunity in which the barnacle goose
can lay its eggs with reasonable fitness prospects for both progeny and parents, the data
on juvenile and adult survival (female parent) are given in the lower panels of Fig. 9.
The declining survival potential of the adult effectively reduces the seasonal laying win-
dow to a mere ten days, which equates to only half of the period actually attempted by
individual geese (three weeks spread of laying dates through the years). Because the
number of geese in the study area has almost doubled since the data reported here were
collected (Drent et al. 1998), this window for successful reproduction may have become
even narrower in recent years. 
In sum, both the timing of successive events in the annual cycle and body condition
affect fitness parameters (Fig. 10). In order to maximize fitness, individuals can beChapter 14
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thought to trade-off the prospects of depositing additional body stores (indicated by
'condition') against the benefits of early arrival on the breeding grounds or of early
reproduction (Drent and Daan 1980). This decision has been indicated by 'choice' in the
diagram. The role of food in this decision is crucial by its effect on the opportunities to
deposit additional stores. During migration, poor-quality individuals, which achieved a
low intake rate of food, tended to migrate first in spite of the limited stores that they had
accumulated (Prop et al. 2003). In contrast, in birds generally, poor-quality individuals
are the latest to initiate breeding (Drent and Daan 1980). Although we did not have evi-
dence for such a quality gradient in nest initiation date in our study, poor-performing in-
dividuals did have a longer pre-breeding period (above). This suggests that the proximate
Fig. 9. Variation in the timing of events through the annual cycle of the Spitsbergen population of
barnacle geese. Separately for individuals producing and hatching a clutch (black lines), and those
that fail to hatch the eggs (grey lines). Events are (A) departure from the staging area in the UK, (B)
departure from the staging area in Norway, (C) settling in the breeding colony in Spitsbergen, and
(D) hatching of the clutch (successful breeders) or abandoning of the nest (failed breeders). The
insets show the correlations between the timing within successive events: A×B r74=0.38 and
r279=0.38, B×C r12=0.52 and r10=0.63, C×D r231=0.95 and r208=0.53, for successful and failed bree-
ders respectively (P<0.05 in all cases). Two important measures of fitness are given in relation to 
the date of hatch or the date of abandoning the nest: (E) the survival of goslings from hatch through
autumn migration, and (F) the survival of females through autumn migration (similar for successful
and failed breeders). General discussion
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mechanisms determining the timing of migration and of breeding are different. Or, as
an alternative, because goose pairs feed at low densities during the pre-breeding period
(personal obs.), poor-quality individuals might be less affected by interference and by
depletion of food than during other periods of the year. This could give them the advan-
tage of a prolonged pre-breeding period. Once the clutch has been produced, geese fol-
low a fixed time schedule with little variation in the period required for incubation and
brood rearing. Moreover, the summer ends abruptly with the autumn snow forcing the
geese to migrate south without the chance to extend the pre-migration period for those
that have not prepared adequate body stores. The opportunity to choose an optimal com-
bination of date and condition early in the year thus switches to a stranglehold of a pre-
set time schedule, precluding to adjust the timing of events to the body condition.
Incubating individuals, however, that deplete body reserves may abandon the nest and
sacrifice the current breeding efforts in favour of an earlier time schedule later in the
summer. During spring, the date of events and the body condition have separate effects
Fig. 10. Fitness is affected by both the timing of events in the annual cycle and by body condition.
For the spring (graph insets at the left) this has been indicated by the relationships between the
reproductive success and the date of migration (upper graph), and the body condition at departure
(lower graph, Prop et al. 2003); and for the summer this is indicated by the relationship between
adult female survival and date of onset of breeding (graph inset at the right, Prop et al. MS).
Additionally, survival of goslings is negatively related to body condition, independently of the
timing of breeding (Owen and Black 1989). The timing of events is usually thought of a trade-off
between gaining additional body stores  and the benefits of being early (as indicated by 'choice' at
the left). Once the clutch has been produced, however, geese follow a more or less pre-set time sche-
dule because of the fixed lengths of incubation and brood rearing, and because of the abrupt end of
the summer by autumn snow. Geese may choose an earlier timing of moult by abondoning the clutch
(Prop et al. MS), as indicated by the dashed line linking 'condition' with 'timing'. Chapter 14
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on the probability of successful reproduction, as indicated in the diagram. Additionally,
inadequate body condition may affect survival, as suggested for pink-footed geese
(Madsen and Klaassen, unpublished). Likewise, date and condition can be expected to
have an effect on fitness from incubation onwards. For adult females we showed that
date and condition together affected adult female survival, though we have not been able
to disentangle the two effects (Prop et al. 2003). Owen and Black (1989) did so for
goslings by showing that the survival probability of individuals caught during brood
rearing was dependent on both age and body mass, separately.
Concluding remarks
Geese are among a fascinating suite of animals that depend on very different habitats at
different stages in their annual cycle. In summer they generally breed in remote and
pristine areas, whereas in winter they exhibit a close relationship with habitats influenced
by man. Although habitats visited by geese in winter probably have been affected by
man for many centuries (Owen 1980b, Kear 1990), full dominance of the Northwest-
European landscape by man was not achieved before the 20th century. Areas tradition-
ally used by geese changed drastically by human activities, for example by reclamation
of coastal areas, by drainage of bogs, and by channeling rivers (Ruttledge and Ogilvie
1979, Van Eerden et al. 1997); moreover, traditional food plants disappeared due to di-
sease or eutrophication (Clausen and Percival 1998). Geese had no option other than
shifting from traditional natural and semi-natural habitats towards the agricultural
landscape. This shift was enhanced by a dramatic increase in the use of artificial ferti-
lizers in the 20th century (Van Eerden et al. 1996), which caused a boost of nutrients
Close records of individuals allow to determine details of the foraging behaviour.General discussion
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available in winter crops. Consequently, modern agricultural practice provided geese
with a food supply that was, in a nutritional sense, superior to plants available in natural
habitats (Prop and Vulink 1992, Van Eerden et al. 1996). There are only a few goose
populations left that did not make the shift to agricultural fields and that still depend on
natural habitats for almost the whole annual cycle. Several brent goose populations are
the notable examples (Madsen et al. 1999, Moore et al. 2004). 
In the context of this thesis, the question arises as to whether life history traits are
affected as by geese increasingly becoming dependent on agricultural crops. Van Eerden
et al. (1996) suggested that the super-abundant food in winter on agricultural land, in
combination with the high quality of the crops, caused a decline in winter mortality in
waterfowl species generally. Apparently, food on farmers’ land enables geese to be in
positive energy balance for much of the winter (compare Fig. 2), which they might not
have achieved had they been restricted to using traditional habitats. Does this mean that
winter mortality today is lower than when geese would have had sole access to the tra-
ditional winter habitats? The annual mortality in many European goose populations
declined from 1970 onwards (Madsen et al. 1999) which supports Van Eerden’s hypo-
thesis. However, other factors, such as better protection and creation of reserves, have
also benefited geese in winter, and it is difficult to establish the relative importance of
these factors.
Any potential benefits gained by geese from using agricultural habitats must be off-
set against costs that would not have existed on natural habitats. Geese are often not
welcome on agricultural land, and hunting is one of the tools used to chase them from
vulnerable crops (Owen 1977), thus directly contributing to mortality. Moreover, geese
are more often disturbed on agricultural land than on natural habitats (Prins and
Ydenberg 1985, Bos and Stahl 2002). The effect of disturbance on the energy budget
may be considerable (Stock and Hofeditz 1997), and in some cases even impairs sub-
sequent reproductive success (Madsen 2001, Mainguy et al. 2002). This ties in wellChapter 14
250
with the hypothesis that individuals have limited opportunity to compensate for adverse
conditions encountered at previous phases of the annual cycle. 
Likewise, the reproductive success of red-breasted geese was affected by events in
the winter, although the effects were hypothesized to be mediated by peregrine falcons,
which the geese use as hosts to nest with in the Siberian arctic (Demmentiev et al.
1952). Application of pesticides in the wintering range of peregrine falcons caused a
severe drop in numbers of this raptor (Quinn and Kokorev 2000, Quinn et al. 2000).
Consequently, the geese lost a corresponding number of nesting opportunities (Prop and
Quinn 2003), which is thought to have led to a drop in reproductive output of the entire
population. The raptor numbers have recovered since the 1990’s, and therewith those of
the red-breasted geese (Quinn and Kokorev 2000), although the potentially high pro-
portion of peregrine falcons captured for falconry is still a source of concern (Eastham
et al. 2000).
The period in which geese depend on agricultural crops has increased with time.
Initially this was confined to mid-winter but today a growing number of populations
extend their stay in agricultural areas through pre-migratory spring staging. Choice of
spring habitat has fitness consequences because pre-migratory individuals on agricul-
tural land deposit more fat, but less protein, than those in natural habitats (Prop and
Black 1998, Prop and Spaans MS). Why stores are deposited in a different manner, and
how this relates to the nutritional constraints, is poorly understood. Similarly, little is
known of the decisions underlying the individuals’ choice for either habitat.
Geese have proven to be very flexible and capable of adapting to changing condi-
tions. One of the most impressive examples of a rapid adaptation is that of the Nene
Branta sandvicensis, or Hawaiian goose, whose ancestors colonised the isolated islands
in the Pacific some one million years ago (Paxinos et al. 2002). Apparently within one
generation they were able to change from long-distance migrants on the North-
American continent to individuals with an almost sedentary life-style on a tropical island,
facing a completely new climate and new feeding conditions (Kear and Berger 1980,
Black et al. 1994). Perhaps this ‘ecological shock’faced by the Nene’s ancestors is simi-
lar to what present-day geese will continue to experience in our rapidly changing land-
scapes, some of which will undoubtedly be mediated through climatic change. Global
climate change may have profound effects on the fitness of organisms generally, in par-
ticular when the rate of adaptation is slower than the rate of change in environmental
conditions (Both and Visser 2001). Therefore, it is difficult to predict the consequences
of climate change on arctic-breeding geese, because little is known about the rate at
which birds can adapt to changing conditions (Boyd and Madsen 1997). From 1983-
1992 the range of spring-staging areas used by barnacle geese in Norway seemed to
keep pace with a change in climate, and concurrent with an increase in spring tempera-
tures, the geese extended this range northwards by 10 km per year over this period (Prop
et al. 1998). To what extent this change affected subsequent reproductive performance
is unknown.
By the 1950’s and 1960’s, biologists had realised that many European goose popu-
lations had already reached critically low numbers. Since then the protection of geesehas gained great momentum through the concern and efforts of many (Boyd and Ogilvie
1969). Legislation has improved and a network of reserves dispersed over Europe has
been created, without which only marginal numbers of geese would have survived
(Madsen et al. 1999). The recovery in numbers that several populations have shown can
be hailed as a success story for conservation (Owen and Norderhaug 1977). Equally, the
recovery would be a success story for science, if a) the mechanism of the recovery was
understood, b) if limiting factors for population size were recognized, and c) if data col-
lected in the past allowed predictions of future population trends. There has been a tre-
mendous increase in our knowledge of goose ecology during the past few decades.
Nevertheless predictions of future goose numbers have failed to reach any accuracy.
Madsen et al. (1999: p. 18) concluded that “the research community has proved to be
rather ineffective at predicting future trends in goose populations. A leveling off of the
numbers of geese in some populations in the past has given false warning of stabilising
numbers.” The limited success in reliable predictions has been due to both an insuffi-
cient knowledge of the study birds, which made extrapolations to the future unwarranted;
coupled with changes in environmental conditions that have been beyond imagination.
Progress has been made in constructing population models for several goose species
(Lang et al. 1998, Pettifor et al. 2000) based on behavioural decisions of individuals.
Further work is needed to improve the estimates of parameters required in the models;
and to achieve the detail needed to make reliable predictions on population performance.
This knowledge will contribute to safeguarding the diversity of wild goose populations.
General discussion
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275276Samenvatting
Eten lijkt een vanzelfsprekende bezigheid, maar in de natuur is eerder het omgekeerde
het geval. Dit omdat voedsel schaars is of omdat tijd ontbreekt om voedsel te zoeken.
Maar hoe is de dagelijkse strijd om voedsel zichtbaar te maken? Dit proefschrift laat
zien dat individuen verschillen in hoe succesvol ze zijn om voldoende voedsel te vin-
den. Het laat ook zien dat geringe verschillen in succes bij het voedsel zoeken grote ge-
volgen kunnen hebben voor de kansen om nakomelingen te krijgen en om te overleven.
Het onderzoek werd verricht aan ganzen, planteneters die vaak letterlijk in hun voedsel
lijken te waden, en die we op het eerste gezicht niet met voedselgebrek associëren.
Ganzen zijn trekvogels die grote afstanden afleggen tussen broed- en overwinterings-
gebied. De trek kost veel energie die de vogels bekostigen door voor het vertrek ener-
gie in het lichaam op te slaan in de vorm van vet en eiwit. Daartoe verdubbelen ze hun
dagelijkse voedselopname, zowel in het voorjaar als aan het eind van de zomer. In de
zomer hebben ganzen veel energie nodig om te herstellen van het broeden, wanneer ze
amper eten. Ook zijn de voedselbehoeftes van de jongen hoog om voldoende snel te
kunnen groeien. De hoeveelheid voedsel wisselt door het jaar, en we onderzochten daar-
om of de periodes van piekbehoeftes aangepast waren aan tijdstippen waarop het voed-
selaanbod hoog was. Het onderzoek omvatte de hele jaarcyclus van ganzen die in pool-
streken broeden, en daarom werden gegevens verzameld in het overwinteringsgebied,
tijdens de trek in het voorjaar en het najaar, en in het broedgebied. De nadruk lag hier-
bij op de brandgans, maar wanneer nodig werden deelaspecten onderzocht aan de rot-
gans en roodhalsgans. 
Een flexibel verteringsstelsel maakt minder kieskeurig (Hfst 2,3)
Ganzen hebben een betrekkelijk eenvoudig spijsverteringsstelsel, ook al zijn ze als plan-
teneters afhankelijk van voedsel dat lastig te verteren is. Door de samenstelling van het
voedsel van ganzen te vergelijken met dat van hun keutels bleek dat celwanden amper
verteerd werden maar eiwitten en oplosbare koolhydraten erg goed. Vandaar dat ganzen
een sterke voorkeur hebben voor planten met een hoog eiwitgehalte en met weinig cel-
wanden. Ondanks het simpel lijkende spijsverteringsstelsel, kunnen ganzen de door-
stroomsnelheid van het voedsel variëren. In de winter gebeurt dit met een hoge snelheid,
en het voedsel verblijft minder dan twee uren in het lichaam. In de arctische zomer,
wanneer de ganzen 24 uur daglicht hebben om voedsel te zoeken, is de doorstroom-
snelheid maar de helft van die in de winter. Het nadeel van deze trage doorloop is dat
de ganzen niet veel langer dan een uur achter elkaar kunnen eten, omdat het spijsverte-
ringskanaal vol raakt en er een verteringspauze ingelast moet worden. Het voordeel van
een lage doorstroomsnelheid is dat het voedsel beter verteerd wordt. Daardoor leveren
zelfs planten als mossen, die bij de doorstroomsnelheid in de winter niet verteerd wor-
den, nog energie. Dergelijke planten zijn talrijk op de toendra’s van het broedgebied, en
vooral wanneer de ganzen aankomen, zijn het vaak zelfs de enige beschikbare voedsel-
planten. We veronderstellen dat de intensieve zomervertering ganzen de weg geopend
277heeft om de arctis als broedgebied te benutten, zonder het risico te verhongeren. 
Op tijd binnen de groep: gevolgen van voedseluitputting (Hfst 8)
Het leven in groepen heeft grote voordelen, zeker als het gaat om roofdieren tijdig op te
merken. Maar, het foerageren in een hoge dichtheid heeft ook nadelen omdat de dieren
elkaar beconcurreren om voedsel. Hoe snel gaat de uitputting van het voedsel, en heb-
ben groepsgenoten daardoor last van elkaar? Deze vragen werden benaderd door groe-
pen rotganzen te filmen wanneer ze een proefgebied op de kwelders van
Schiermonnikoog begraasden. Kleine vlakjes van 20×40 cm met de aantrekkelijke
voedselplant zeeweegbree werden gemarkeerd, en het aanbod aan voedsel werd voor de
komst van de ganzen bepaald. Analyse van het beeldmateriaal liet zien dat het aanbod
al sterk was gedaald nadat drie ganzen de vakjes hadden bezocht, en vogels die na de
zesde gans kwamen troffen amper meer voedsel aan. Ganzen achter in de groep reageer-
den op het snel afnemende voedselaanbod door ofwel hard te rennen om voorin de
groep te komen, of door over te stappen op andere, minder aantrekkelijke voedselplan-
ten. Kortom binnen een groep raakt voedsel snel uitgeput, waardoor maar een deel van
alle individuen van het beste voedsel kan profiteren. In het geval van de rotgans bleek
een kwart van de dieren geen kans te zien de voorkeursplant zeeweegbree te eten.
Op tijd binnen de groep: wie is het eerst? (Hfst 6, 7, 8, 10)
Wat is de oorzaak van deze grote verschillen in voedselkeuze? Een van de oorzaken kan
de rangorde in de groep zijn. Het is bekend dat ganzen onderling vechten tijdens het
voedsel zoeken, maar hebben de winnaars inderdaad toegang tot het betere voedsel? Om
dat te onderzoeken is het nodig de voedselopnamesnelheid van individuen te bepalen.
Daartoe werden geringde ganzen lange tijd geobserveerd, en alle opeenvolgende keu-
tels werden geregistreerd en, na vertrek van de ganzen, verzameld. Het zo verkregen
materiaal bood de mogelijkheid om zowel de opnamesnelheid als de kwaliteit van het
voedsel te bepalen. Individuen die de meeste interacties wonnen aten het best verteer-
bare voedsel, en ze hadden ook de hoogste voedselopnamesnelheid. Dit bevestigde de
hypothese dat interacties dienen om goede voedselplekken te verwerven en verdedigen.
De kans dat een individu een interactie won, was consistent binnen een enkel seizoen,
maar niet altijd tussen jaren. Afhankelijk van de omstandigheden worden vogels ken-
nelijk meer of minder agressief. Uit de literatuur is bekend dat bijvoorbeeld het aantal
jongen van invloed is op de ‘status’ in een groep. De uitkomst van een interactie hangt
niet alleen af van de aanvaller maar ook van de afweging die de aangevallene maakt: is
het lonend om te reageren op de belager. Dat een dergelijke afweging wordt gemaakt
bleek uit gedragingen van roodhalsganzen tijdens de broedtijd. Individuen waarvan her-
leid werd dat ze ondergeschikt waren, - onder meer omdat ze de minste jongen kregen
-, waren tegen de verwachting in de meest succesvolle voedselzoekers: ze waren het
meest agressief, ze wonnen de meeste interacties en ze aten het beste voedsel. In dit
geval waren er echter kosten verbonden aan het aangaan van een interactie, omdat rood-
halsganzen rond het nest van slechtvalken broeden. De soort profiteert van de agressi-
viteit van de valken tegen poolvossen waardoor de eieren minder gevaar lopen, maar aan
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gelijke situaties blijken individuen die de rest van het jaar dominant zijn interacties uit
de weg te gaan. Agressiviteit is dus een goede maat voor een ‘schijnbare dominantie’,
maar hoeft geen verband te houden met de kwaliteit van het individu. 
De groep op tijd: voedselkeuze en verspreiding afhankelijk van het voedsel (Hfst 7)
Het voedsel van planteneters als ganzen ondergaat twee belangrijke veranderingen door
het seizoen. In de eerste plaats, neemt als gevolg van begrazing het aanbod af totdat een
kritische ondergrens wordt bereikt waarop begrazing niet meer lonend is. Door later
terug te keren kunnen ganzen wel profiteren van hergroei van de planten. Het kan zelfs
gunstig zijn om plekken meerdere keren uit te putten en de hergroei te benutten. De
intensiteit van begrazing en de frequentie waarmee ganzen terugkeren naar een zelfde
plek blijken nauw op elkaar afgestemd, waarbij de groeisnelheid van de planten en de
zogenaamde functionele respons (het verband tussen de opnamesnelheid en de grootte
van de plant) belangrijke bepalende factoren zijn. Het patroon van begrazing blijkt de
dieren vooraan in de groep (vaak de dominante individuen) in de kaart te spelen omdat
hun voedselopname wordt gemaximaliseerd. 
Een andere belangrijke verandering in het voedselaanbod door het seizoen is de afname
van de kwaliteit, waardoor de planten steeds onaantrekkelijker worden. Ganzen reage-
ren hierop door over te schakelen op andere voedselplanten. De voedselkeuze door rot-
ganzen op de kwelders verschuift zo van overwegend roodzwenkgras, naar kweldergras,
en vervolgens naar zeeweegbree en schorrezoutgras (Hfst 6). Ook in het broedgebied is
een dergelijk proces zichtbaar zij het dat dan het voedselaanbod steeds gunstiger wordt.
Naarmate nieuwe, en meer aantrekkelijke planten onder de sneeuw vandaan komen,
schakelen de ganzen over op de meest rendabele (Hfst 12). 
Grenzen aan de groep: dichtheidsafhankelijkheid (Hfst 9)
Een belangrijke biologische hypothese stelt dat een toename van de druk van soortge-
noten (uitgedrukt in dichtheid) ten koste gaat van de fitness van het individu. Deze dich-
heidsafhankelijkheid komt tot uiting in een toename van de sterftekans of een afname
van het voortplantingssucces. Te verwachten is dat dit ook voor groepsgebonden soor-
ten als ganzen geldt. Dit werd onderzocht bij de roodhalsgans omdat deze soort in dui-
delijk afgebakende kolonies broedt, waarin de aantallen tussen jaren sterk kunnen ver-
schillen. Roodhalsganzen zijn kieskeurige eters en ook al leven ze in de zomer op de
onmetelijke Russische toendra, de plekken die aan hun voedseleisen voldoen bleken
beperkt. Ze broedden in kleine kolonies onder de bescherming van slechtvalken, en
naarmate deze kolonies groter waren nam het aantal jongen per paar af. Deze afname
leek verband te houden met de beperkte voedselbronnen omdat de voedselopnamesnel-
heid in grote kolonies lager was dan in de kleinere. Geconcludeerd werd dat deze dicht-
heidsafhankelijkheid het aantal paren ganzen onder de hoede van een enkel paartje val-
ken beperkte. In jaren met veel lemmingen broeden er veel sneeuwuilen op de toendra,
en roodhalsganzen kiezen deze vogels ook als beschermer. Lemmingpieken komen ech-
ter maar eens in de drie jaar voor. In tussenliggende jaren kunnen de ganzen terecht op
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279eilanden in rivieren, maar meeuwen zijn daar talrijk en het broedsucces is er laag.
Slechtvalken lijken dus een essentiële rol te spelen in de levenscyclus van de roodhals-
gans, en dit zou kunnen verklaren waarom deze soort in de jaren 1960-80 sterk afnam.
Dit viel samen met de sterke terugval van valken ten tijde van overdadig gebruik van
pesticiden. Met het herstel van de slechtvalk is ook de roodhalsgans toegenomen.
Kortom, dichtheidsafhankelijke effecten beperken het broedsucces binnen een kolonie,
en het beperkte aantal potentiële kolonieplaatsen beperkt de totale populatiegrootte. We
verwachten dat dit principe ook opgaat voor andere soorten.
Dichtheidsafhankelijkheid speelt ook een rol in het voorjaar wanneer de ganzen zich
voorbereiden op de trek. Rot-en brandganzen hebben een voorkeur voor natuurlijke
vegetaties, zoals kwelders, maar wanneer deze gebieden vol zijn benutten ze ook cul-
tuurgrasland. Op het eerste gezicht, lijkt dat een goed alternatief. We stelden zelfs vast
dat ganzen op cultuurland vetter werden dan op natuurlijke vegetatie. Een nauwkeurige
analyse van de energie- en stikstofbalans laat echter zien dat kweldervogels meer eiwit-
ten (spieren!) opbouwen. De vetste cultuurvogels, die de grootste energievoorraad heb-
ben, blijken minder jongen te krijgen dan vogels van de kwelders. Er wordt nog gewerkt
aan een verklaring van dit verschijnsel, maar we kunnen wel concluderen dat de keuze
van het voorjaarshabitat doorwerkt in de kansen om jongen te krijgen. (Hfst 4, 5)
De jaarcyclus: de trek naar het voedsel (Hfst 4, 6, 14)
Hierboven werden veranderingen in voedselaanbod binnen een pleisterplaats beschre-
ven. Het seizoenspatroon kan als volgt gekarakteriseerd worden: aanvankelijk is het
voedselaanbod slecht doordat de plantengroei op gang moet komen; vervolgens gunstig,
door een hoog aanbod gekoppeld aan een hoge kwaliteit; daarna weer slecht, doordat
het aanbod door uitputting daalt en de kwaliteit afneemt. We veronderstellen dat alle
herbivoren met een dergelijk patroon te maken krijgen omdat de veranderingen gestuurd
worden door universele processen die voor alle planten gelden. Maar de snelheid van de
processen en het precieze tijdstip waarop deze plaats vinden verschillen van plek tot
plek op aarde. Hoe noordelijker, hoe later de groei op gang komt, maar ook hoe sneller
de afname in kwaliteit verloopt. Deze verschuiving over de globe wordt wel ‘groene
golf’ genoemd, en in dit proefschrift wordt beschreven hoe de jaarcyclus van ganzen
aansluit bij deze groene golf, hierbij de brandgans van Spitsbergen als voorbeeld
nemend. 
Essentieel voor ganzen zijn periodes waarin ze in staat zijn meer voedsel op te nemen
dan ze nodig hebben voor het dagelijks onderhoud. De extra energie (‘productive ener-
gy’) gebruiken ze om lichaamsvoorraden aan te leggen, of om te herstellen. Energie-ver-
slindende periodes zijn de trek in voor- en najaar, en de broedtijd wanneer de eieren
gelegd worden en gedurende ruim 3 weken bebroed zonder dat de vogels veel kunnen
eten. De brandgans vertoont maar liefst vijf pieken in productive energy: in het voorjaar
in het overwinteringsgebied, tijdens de voorjaarstrek in Noorwegen, tijdens het opgroei-
en van de jongen, vlak voor de herfsttrek van Spitsbergen naar Groot-Brittannië, en in
de herfst in het overwinteringsgebied. De vogels profiteren dan van een piekkwaliteit
van het voedsel en van een voldoende voedselaanbod, maar elke periode is beperkt van
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280duur, meestal 3-8 weken. Kortom, de voedselomstandigheden bieden de ganzen weinig
speelruimte. 
Het weer heeft een directe invloed op de groei en kwaliteit van planten, en daarmee ook
op de mogelijkheid van ganzen om productie-energie te genereren. Zo was de snelheid
waarmee rotganzen in het voorjaar lichaamsvoorraden opslaan gekoppeld aan de weer-
somstandigheden. Ook is te verwachten dat klimaatsveranderingen doorwerken op de
jaarcyclus van ganzen. De door ons bestudeerde brandganzen bleken met het warmer
worden van de Noorse kuststreken het verspreidingsgebied in het voorjaar naar het
noorden uit te breiden. 
Op tijd broeden: gevolgen voor de fitness (Hfst 11, 12, 13, 14)
Vroeg broeden is belangrijk want de vroegste broedvogels blijken de meeste nakome-
lingen te krijgen. Dit is een trend die voor veel vogels geldt. Alleen de allervroegste
ganzen doen het minder goed, waarschijnlijk omdat de omstandigheden voor de vogels
die als eerste in het broedgebied aankomen nog te ongunstig zijn. Dit betekent dat de
selectie om vroeg te broeden erg sterk is, wat nog versterkt wordt doordat de overle-
vingskans van de laat-broedende vrouwen snel terugloopt. De afname van de overle-
vingskans van jongen zowel als van vrouwen wordt verklaard uit de ongunstiger wor-
dende voedselomstandigheden in de zomer. Bovendien hebben latere vogels minder tijd
om zich voor te bereiden op de trek in de herfst. 
Waarom broeden niet alle vogels even vroeg, en op het ‘ideale’ tijdstip? Deels kan dit
verklaard worden uit de lange voorbereidingstijd van het broeden. Elke stap in de jaar-
cyclus heeft tijd nodig, en om op tijd te broeden in juni op Spitsbergen moet een indi-
vidu in maart - dan nog in het overwinteringsgebied- tijdig beginnen met het aanmaken
van voorraden voor de trek. Bovendien bestaan er grote verschillen tussen individuen in
foerageergedrag, en daarmee ook in de snelheid waarmee ze lichaamsvoorraden
opslaan. Als gevolg hiervan verschilt de voorbereidingstijd voor de trek en voor het
broeden. De periode van het rijke voedselaanbod is echter beperkt, waardoor matige
voedselzoekers niet eerder kunnen beginnen met voorbereiding. De ideale timing van
broeden, in combinatie met het aanleggen van voldoende lichaamsvoorraden, is daar-
door alleen weggelegd voor individuen die in staat zijn veel en goed voedsel te vinden.
Uiteindelijk blijkt maar een fraktie van alle dieren hiertoe in staat en brengt succesvol
jongen groot. 
Samenvatting
281282Publications
Black JM, Prop J, Hunter JM, Woog F, Marshall AP, Bowler JM (1994) Foraging behaviour
and energetics of the Hawaiian goose Branta sandvicensis. Wildfowl 45: 65-109
Black JM, Prop J, Larsson K (2004) Wild goose dilemmas. Population consequences of 
individual decisions in barnacle geese. Branta Books, Groningen
Choudhury S, Jones CS, Black JM, Prop J (1993) Adoption of young and intraspecific nest
parasitism in barnacle geese. Condor 95: 860-868
Drent RH, Black JM, Loonen MJJE, Prop J (1998) Barnacle geese Branta leucopsis on
Nordenskiöldkysten, western Spitsbergen-in thirty years from colonisation to saturation.
Norsk Polarinstitutt Skrifter 200: 105-114
Lang A, Houston A, I, Black JM, Pettifor RA, Prop J (1998) From individual feeding perfor-
mance to predicting population dynamics in barnacle geese: The spring staging model. 
Norsk Polarinstitutt Skrifter 200: 203-211
Lok M, Van den Bergh L, Ebbinge B, Van Haperen A, Philippona J, Prop J, Timmerman Azn 
A (1992) Numbers and distribution of wild geese in the Netherlands, 1984- 1989, with spe-
cial reference to weather. Wildfowl 43: 107-116
Prop J, Van Eerden MR, Daan S, Drent RH, Tinbergen JM, StJoseph AM (1980) Ecology of
the Barnacle Goose (Branta leucopsis) during the breeding season -Preliminary results from
expeditions to Spitsbergen in 1977 and 1978. In: Proceedings of the Norwegian-Netherlands
Symposium on Svalbard. Arctic Centre, Groningen, pp 50-112
Prop J, Van Eerden MR, Drent RH (1984) Reproductive success of the Barnacle Goose Branta
leucopsis in relation to food exploitation on the breeding grounds, western Spitsbergen.
Norsk Polarinstitutt Skrifter 181: 87-118
Prop J, Loonen M (1989) Goose flocks and food exploitation: the importance of being first. 
In: Proc. Int. Ornithol. Congr. 1986, Ottawa. pp 1878-1887
Prop J (1991) Food exploitation patterns by Brent Geese Branta bernicla during spring staging.
Ardea 79: 331-342
Prop J, Deerenberg C (1991) Spring staging in Brent Geese Branta bernicla:f eeding con-
straints and the impact of diet on the accumulation of body reserves. Oecologia 87: 19-28
Prop J, Vulink T (1992) Digestion by barnacle geese in the annual cycle: the interplay between
retention time and food quality. Functional Ecology 6: 189-189
Prop J, De Vries J (1993) Impact of snow and food conditions on the reproductive performance
of barnacle geese Branta leucopsis. Ornis Scandinavica 24: 110-121
Prop J, Black JM (1998) Food intake, body reserves and reproductive success of barnacle geese
Branta leucopsis staging in different habitats. Norsk Polarinstitutt Skrifter 200: 175-193
Prop J, Black JM, Shimmings P, Owen M (1998) The spring range of barnacle geese Branta
leucopsis in relation to changes in land management and climate. Biological Conservation
86: 339-346
Prop J, Black JM, Shimmings P (2003) Travel schedules to the high arctic: barnacle geese
trade-off the timing of migration with accumulation of fat deposits. Oikos 103: 403-414
Prop J, Quinn JL (2003) Constrained by available raptor hosts and islands: Density-dependent
283reproductive success in red-breasted geese. Oikos 102: 571-580
Prop J, Van Marken Lichtenbelt WD, Beekman JH, Faber JF (2004) Using food quality and
retention time to predict digestion efficiency in geese. Wildlife Biology
Prop J, Quinn JL (submitted) Interference competition, foraging routines and reproductive 
success in red-breasted geese: fight or flight? 
Prop J, Drent RH, Owen M (submitted) Survival costs related to the timing of breeding and
brood size in Arctic barnacle geese. 
Prop J, Spaans B (submitted) Deposition of protein stores by pre-migratory brent geese in 
different habitats. 
Quinn JL, Kokorev Y, Prop J, Fox N, Black JM (2000) Are Peregrine Falcons in Northern
Siberia still affected by organochlorines? In: Meyburg BU, Chancellor RD (Eds) Proceedings
of the 5th World Conference on Birds of Prey and Owls, Johannesburg. Hancock publishing,
Blaine, Washington. 
Quinn JL, Prop J, Kokorev Y, Black JM (2003) Predator protection or similar habitat selection
in red-breasted goose nesting associations: Extremes along a continuum. Animal Behaviour
65: 297-307
Publications
284Stellingen behorende bij het proefschrift
Food finding 
On the trail to successful reproduction in migratory geese
Jouke Prop
Onderzoek naar zogeheten ‘merker-stoffen’, die gebruikt worden om de 
verteerbaarheid van voedsel te bepalen, lijkt met de verfijning van celwand-
analyses - ten onrechte - te stokken.
dit proefschrift (Hoofdstuk 2 en 3)
Graszaadveredelaars houden geen rekening met de voedingswaarde van het
gewas voor wilde ganzen.
dit proefschrift (Hoofdstuk 4 en 5)
In de ijver te benadrukken dat een ‘nieuw’ ecologisch model beter is dan het
oorspronkelijke, zijn de feitelijke potenties van het nieuwe model onderbenut.
dit proefschrift (Hoofdstuk 7) contra Drent RH en Van der Wal R (1999) in: Herbivores: between plants and
predators. Blackwell Science, Oxford.
De theorie van dichtheidsafhankelijk voortplantingssucces maakt begrijpelijk
waarom -naast toppredatoren- zelfs ganzen te lijden hebben gehad onder het
misbruik van pesticiden.
dit proefschrift (Hoofdstuk 9), Quinn JL & Kokorev Y (2000) Auk 117: 455-464
Naar analogie van de Canadagans in Amerika zal de brandgans grote delen van
Europa koloniseren. Mits ongemoeid gelaten door de mens, kunnen de vogels
in Zuid-Europa op termijn zich ontwikkelen tot tweemaal de grootte van de
huidige soort.
Paxinos EE et al. (2002) PNAS 99: 1399-1404
Door een schamele 800 vierkante kilometers in ons land te willen aanwijzen 
als veilige pleisterplaats voor wilde ganzen, behandelt het ministerie dat 
verantwoordelijk is voor natuur en landbouw vrije vogels als drijfvee.
Wanneer door een verandering van politiek klimaat de jacht op ganzen wordt
heropend, en ecologische overwegingen tegen jacht kennelijk niet meetellen,
blijken deze trekkende watervogels erg kwetsbaar.
Béchet A et al. (2003) Journal of Applied Ecology 40: 553-564, Faunafonds 2003
De zogenaamde ‘rugzak’ voor leerlingen uit het speciaal onderwijs bevat te
weinig om de kinderen uitzicht te bieden op het volbrengen van het beoogde
traject.